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ABSTRACT
1. There is a population of a-bungarotoxin-resistant cholinergic receptors on the 
soma of the first basalar motoneurone of the locust, Schistocerca gregaria.
2. The receptors have a broadly muscarinic pharmacology: the response to 
pressure-applied ACh can be reversibly reduced by the global muscarinic 
antagonists atropine and dexetimide, and the vertebrate muscarinic subtype- 
selective antagonists pirenzepine (M^ subtype-selective), 4-DAMP (M3 ), p-F- 
HHSiD (M3 >M |>M 2 ) and methoctramine (M2 ).
3. In the presence of a-bungarotoxin, however, nicotine evokes a current similar 
to those induced by the muscarinic agonists muscarine, McN-A-343 and 
carbachol under voltage clamp; the nicotine-induced current can be blocked by 
the muscarinic antagonist scopolamine, suggesting that these 'muscarinic' 
receptors have a 'mixed' cholinergic pharmacology.
4. Under voltage clamp, activation of the receptors by the muscarinic agonists 
muscarine and McN-A-343, and the cholinergic agonist carbachol (in the 
presence of a-bungarotoxin) evokes an inward current at command potentials 
between -100 and 0 mV. This current is time- and voltage-dependent: the 
current component evoked at potentials more negative than -40 mV is 
relatively small, and either increases continuously during 15 min exposure to 
agonist, or increases to a maximum after 5 or 10 min before decreasing. At 
potentials more positive than -40 mV, the current component is larger, and 
increases continuously in the presence of drug. In approximately 50 % of 
neurones voltage clamped at a holding potential of -50 mV, the inward current 
is preceded by an initial outward cuiTent at potentials positive to -40 mV. After 
1 min exposure to agonist, the outward current reverses and becomes inwardly- 
directed, increasing in amplitude in the presence of agonist.
5. The apparent inwai*d current evoked by McN-A-343 at potentials positive to 
-40 mV is due to the inhibition of a voltage-dependent current, and may 
involve the production of cAMP. Activation of the 'mixed' receptors also 
stimulates the release of Ca2 + from intracellular stores.
6 . The input resistance of the neurone, measured under current clamp, is increased 
by McN-A-343 in some preparations and decreased in others. The agonist 
decreases the spike threshold of the neurone, and therefore the physiological 
role of these 'mixed' receptors may be to modulate the excitability of the 
neurone.
CHAPTER 1 
General Introduction
1. GENERAL TNTRODTJCTTON
1.1. ArF.TYI.rHOI,INK
Cholinergic receptors were first classified in vertebrate preparations by 
Dale in 1914 according to their sensitivity to nicotine and muscarine, although it 
was not until 1921 that the first convincing evidence for the presence of 
acetylcholine (ACh) as a neurotransmitter in the vertebrate peripheral nervous 
system was produced (Loewi, 1921). The criteria which must be met for a 
substance to be classified as a neurotransmitter have been reviewed by Werman 
(1966):
1 . the presence of an inactivating enzyme;
2 . the presence of the putative neurotransmitter;
3. the substance must be detectable in the extracellular fluid of the synapse upon 
stimulation of the presynaptic nerve;
4. the presence of the synthesising enzyme and precursor molecules;
5. the existence of a specific release mechanism;
6 . application of the putative neurotransmitter must mimic the actions of the 
endogenous neurotransmitter;
7. pharmacological agents must have the same effect on the postsynaptic actions 
of the putative neurotransmitter as on those of the endogenous 
neurotransmitter.
There is no single synapse in the CNS of any insect for which all of these 
criteria have been met, although the evidence that exists is strongly indicative that 
ACh is a neuiotransmitter in the insect CNS (for reviews see Pitman, 1985; 
Sattelle, 1985; Breer & Sattelle, 1987). ACh has been found in nervous tissue of 
the fly Musca domestica (Tobias et al, 1946), blowflies (Lewis, 1953), the honey 
bee Apis mellifera (Augustinsson & Grahn, 1954), the cockioach Periplaneta 
americana (Tobias et al, 1946; Colhoun, 1958a), the tobacco homworm Manduca 
sexta (Sanes & Hildebrand, 1976) and the locust Locusta migratoha (Breer,
1981a). Colhoun (1958a) demonstrated that stimulation of the nerve cord or of a 
sensory pathway of the cockroach resulted in an increase in the ACh content of 
the nerve cord. The presence of the synthesising enzyme choline acetyltransferase 
(ChAT) has been demonstrated in Musca (Tobias et al, 1946), cockroach (Tobias 
et al, 1946; Colhoun, 1958b), woodroach (Schafer, 1973), locust (Emson et al, 
1974; Breer, 1981a) and Manduca (Sanes & Hildebrand, 1976). Emson et al 
(1974) showed that large amounts of ChAT were located in sensory neurones, 
rather than motoneurones. Work on locust synaptosomes (pinched-off presynaptic 
nei*ve terminals) has demonstrated that ^H-choline is accumulated via a high 
affinity uptake system (Breer, 1981a, 1982, 1983). Acetylcholine is synthesised in 
locust synaptosomes and can be subsequently released upon depolarisation of the 
synaptosome by increasing the external K"*" concentration (Breer, 1982; Breer & 
Knipper, 1984). Cholinesterase, the enzyme responsible for the degradation of 
ACh, is present in Musca (Tobias et al, 1946), cockroach (Tobias et al, 1946), 
locust (Emson et al, 1974; Breer, 1981a) and Manduca (Sanes & Hildebrand, 
1976). Electrophysiological experiments on cockroach central neurones (Callec & 
Boistel, 1967; Kerkut et al, 1969; Kerkut et al, 1970; Shankland et al, 1971; 
Sattelle et al, 1976) demonstrated that cholinergic agonists mimicked the actions 
of the natural transmitter, thus providing more evidence for the role of ACh as a 
neurotransmitter in the insect CNS.
The majority of research on cholinergic receptors has been performed on 
vertebrate preparations, and it has become apparent that there are major 
differences between nicotinic and muscarinic receptors in terms of ligand binding 
properties, physiology, biochemistiy and molecular biology. The following 
ovem ew  of cholinergic receptors describes some of the pharmacology and 
structure of vertebrate receptors, and compares these properties with those of the 
receptors found in the insect CNS.
1.1.1. Pharmacology
1.1.1.1. Vertebrate nicotinic receptors
Vertebrate nicotinic receptors were divided into two subtypes when it was 
realised that the nicotinic receptors at the neuromuscular junction had different 
pharmacological properties to those of the autonomic ganglia. Table 1.1. lists the 
major nicotinic agonists and antagonists (see Bowman & Rand, 1980 for review). 
In general, nicotinic agonists such as nicotine and DMPP (l,l-dimethyl-4- 
phenylpiperazinium) show little selectivity between neuromuscular junction 
receptors and ganglionic receptors, but nicotinic antagonists show more 
specificity. Antagonists of receptors at the neuromuscular junction can be either 
non-depolarising blockers or depolarising blockers. Non-depolarising antagonists 
(for example d-tubocurarine) simply bind to the nicotinic receptor without 
activating it. Depolarising antagonists (for example décaméthonium), are nicotinic 
agonists and persistently activate the receptor, producing a sustained 
depolarisation of the endplate region thus inactivating the voltage-sensitive Na'^ 
channels and rendering the membrane inexcitable. Nicotinic antagonists that block 
ganglionic receptors include hexaméthonium and pentaméthonium. The 
mechanism of block is similar to that of non-depolarising neuromuscular receptor 
antagonists.
a-Bungarotoxin (a-BTX) is a snake toxin which was thought to bind 
specifically to neuromusculai' nicotinic receptors, and therefore could be used to 
differentiate between neuromuscular and ganglionic nicotinic receptors. However, 
it is now known that the toxin also blocks ganglionic nicotinic receptors in some 
preparations (see below). a-BTX was first isolated from the venom of the snake 
Bungarus multicinctus by Chang & Lee in 1963 and binds irreversibly to 
neuromuscular nicotinic receptors (Chang & Lee, 1963; Lee et al, 1967; Barnard 
et al, 1971; Miledi & Potter, 1971; Berg et al, 1972; Bursztajn & Gershon, 1977). 
The electroplax tissue of electric fishes is modified muscle, and, perhaps not 
surprisingly, also expresses a-BTX-sensitive nicotinic receptors (Changeux et al.
Table 1.1. Cholinergic receptor ligands.
NTCOTTNTC RECEPTOR LIGANDS 
AGONISTS ANTAGONISTS
neuromuscular 
non-depolarising depolarising
ACh ûf-tubocurarine
carbachol benzoquinonium
nicotine gallamine
DMPP pancuronium
décaméthonium
suxamethonium
suxéthonium
carbolonium
ganglionic
hexaméthonium
pentaméthonium
pentolinium
AGONISTS
ACh 
carbachol 
muscarine 
muscarone 
oxotremorine 
bethanecol 
acetyl P-methyl choline
MUSCARINIC RECEPTOR LIGANDS
ANTAGONISTS
QNB 
atropine 
dexetimide 
scopolamine 
benzilylcholine mustard
1970; Miledi et al, 1971; Raftery, 1973). Toxin binding sites have been found on 
neurones throughout the central and autonomic nervous systems, including 
guinea-pig cerebral cortex (Bosmann, 1972), cultured chick sympathetic neurones 
(Greene et al, 1973), rat sympathetic ganglia (Fumagalli et al, 1976) and rat 
carotid body (Chen & Yates, 1981). However, not all of these binding sites have 
been found to be functional nicotinic receptors. Whereas a-BTX blocks nicotinic 
receptor-mediated events in guinea-pig cerebral cortex (Bosmann, 1972), pigeon 
sympathetic neurones (Chiappinelli & Zigmond, 1978), frog (Marshall, 1981) and 
chick (Chiappinelli & Zigmond, 1978) sympathetic ganglia and rat olfactory bulb 
(Alkondon & Albuquerque, 1994), it has no effect on the nicotinic receptors in the 
rat superior cervical ganglion (Brown & Fumagalli, 1977), guinea-pig and rabbit 
autonomic ganglia (Bursztajn & Gershon, 1977) and rat parasympathetic ganglion 
(Ascher et al, 1979). The differential sensitivity to a-BTX of neuronal nicotinic 
receptors suggests that they are not a homogeneous group.
1.1.1.2. Vertebrate muscarinic receptors
The major global muscarinic ligands are summarised in Table 1.1. (see 
Bowman & Rand, 1980 for review). Muscarinic agonists include muscarine and 
oxotremorine, and muscarinic antagonists include atropine and scopolamine. 
Quinuclidinyl benzilate (QNB) is a potent muscarinic antagonist in the vertebrate 
CNS (Yamamura & Snyder, 1974a, b; Yamamura et al, 1974; Waelbroeck et al,
1991) which is often used to identify muscarinic receptors. a-BTX has no effect 
on muscarinic receptors.
Evidence to suggest that more than one subclass of vertebrate muscarinic 
receptors existed was first provided by binding studies which showed that 
muscarinic receptors in rat brain had a greater affinity for the antagonist 
pirenzepine than receptors located in heart, smooth muscle and glands, including 
the submaximal and parotid (Hammer et al, 1980). Pirenzepine-sensitive 
muscarinic receptors were later classed as Mj receptors, and pirenzepine-
insensitive as M2  receptors. Pirenzepine-insensitive receptors differ in their 
pharmacology: AF-DX 116 (Giachetti et al, 1986) and methoctramine (Melchiorre 
et al, 1987) are more potent on cardiac M2  receptors than those located in smooth 
muscle. 4-Diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP), 
hexahydrosiladifenidol (HHSiD) and its p-Fluoro derivative were proven to be 
more potent on the receptors on smooth muscle than heart (Barlow et al, 1976;
Lambrecht et al, 1989). These three receptor subtypes with distinct 
pharmacologies were termed M^ (brain), M2  (cardiac) and M3 (smooth muscle).
1.1.1.3. Insect cholinergic receptors
There are both a-BTX and QNB binding sites in the insect CNS, implying 
that both nicotinic and muscarinic cholinergic receptors are present. In contrast to 
the vertebrate CNS, in which there are more muscarinic than nicotinic receptors 
(Ben-Barak & Dudai, 1979; Salvaterra & Foders, 1979), binding studies using a- 
BTX and QNB have shown that nicotinic receptors outnumber muscarinic 
receptors by a factor o ften  in the insect CNS (Dudai & Ben-Barak, 1977; Breer, I
1981b; Lummis & Sattelle, 1985). a-BTX binding sites are widespread in the I
!insect CNS, including cerebral ganglia of the locust (Breer, 1981b) and Manduca j
(Sanes et al, 1977), terminal abdominal ganglia of the cricket Acheta domesticus I
(Meyer & Edwards, 1985), cockroach nerve cords (Lummis & Sattelle, 1985) and j
the heads of the fmitfly Drosophila melanogaster (Dudai & Amsterdam, 1977), j
housefly (Dudai, 1977) and honey bee (Huang & Knowles, 1990). a-BTX- |
sensitive ACh receptors have been detected using electrophysiological techniques i
on giant interneurone 2 (Sattelle et al, 1983; Harrow & Sattelle, 1983), ^
motoneurone Dg (Carr & Fourtner, 1980) and motoneurone Df of the cockroach I
(Sattelle et al, 1980), and isolated unidentified neurones of Locusta (Benson, j
1992). There may be some heterogeneity of nicotinic receptors in the insect CNS 
as they are not all sensitive to a-BTX: receptors on dorsal unpaired midline |
(DUM) neurones of Periplaneta (Sattelle et al, 1980) and Schistocerca nitens |
(Goodman & Spitzer, 1980) have been shown to be insensitive to a-BTX at 
concentrations up to 10'^ M. However, Lapied & Hue (1991) found that the 
response of DUM neurones to nicotine was partly blocked by a-BTX. Nicotine 
evokes a biphasic depolarisation in these cells, consisting of a fast initial 
depolarisation followed by a slower depolarisation. The slow depolarisation was 
blocked by the toxin, but the fast depolarisation was unaffected.
A QNB-binding site has been identified in the heads of Drosophila (Dudai 
& Ben-barak, 1977) and Locusta (Breer, 1981b), the terminal abdominal ganglion 
of the cricket (Meyer & Edwards, 1980; Meyer & Reddy, 1985), the 
supraoesophageal ganglion of Schistocerca gregaria (Aguilar & Lunt, 1984), 
Periplaneta nerve cords (Lummis & Sattelle, 1985) and the brain o f Apis (Huang 
& Knowles, 1990). Electrophysiological experiments have identified functional 
postsynaptic cholinergic receptors with muscarinic properties on principal planta 
retractor (PPR) motoneurones of Manduca (Trimmer & Weeks, 1989), cockroach 
giant interneurones (Le Corronc & Hue, 1993), motoneurone Df and DUM 
neurone somata of the cockroach (David & Pitman, 1990; Bai et al, 1992) and 
isolated Locusta thoracic cell bodies (Benson, 1992). Muscarinic receptors in the 
insect CNS are also located presynaptically (see Section 1.1.3.), and have been 
identified in locust synaptosomes (Knipper & Breer, 1988) and at the cereal nerve- 
giant interneurone synapse of the cockroach (Hue et al, 1989; Le Corronc et al, 
1991). The pharmacology of insect muscarinic receptors differs between 
preparations and between pre- and postsynaptic locations. For example, the 
muscarinic receptors on PPR motoneurone of Manduca (Trimmer & Weeks,
1993), motoneurone Df (David & Pitman, 1993a) and the giant intemeurone (Le 
Corronc & Hue, 1993) of Periplaneta, have been shown to be most sensitive to 
the M | antagonist pirenzepine. Similarly, muscarinic receptors present on the 
somata of locust neurones have a high affinity for pirenzepine (Knipper & Breer, 
1988). A study on Musca, Apis and Periplaneta brains (Abdallah et al, 1991) 
showed that muscarinic receptors in these tissues have a high affinity for 4-DAMP
and therefore appear to be similar to vertebrate M3 receptors. In contrast, 
presynaptic receptors present in locust synaptosomes (Knipper & Breer, 1988) and 
at the cereal nerve-giant interneurone synapse of the cockroach (Le Corronc et al, 
1991) have an M2 -like pharmacology.
1.1.2. Receptor structure
1.1.2.1. Nicotinic receptors
Nicotinic acetylcholine receptors have been purified from electroplax 
tissue (Olsen et al, 1972; Schmidt & Raftery, 1972) and mammalian skeletal 
muscle (Brockes & Hall, 1975; Dolly & Barnard, 1975). Because of the very high 
concentration of nicotinic receptors in electroplax tissue - receptor protein can be 
purified in mg amounts - receptors from this tissue rather than muscle have been 
used extensively for biochemical and molecular biology studies. The nicotinic 
acetylcholine receptor isolated from electroplax tissue contains four different 
polypeptide chains (Weill et al, 1974; Raftery et al, 1975). Subsequent research 
proved that the nicotinic receptor is made up of five polypeptide subunits with the 
stoichiometry a 2 py6  (Reynolds & Karlin, 1978; Lindstrom et al, 1979), arranged 
around a water-filled ion channel (Brisson & Unwin, 1985). A diagrammatic 
representation of the nicotinic receptor is shown in Figure 1.1. The a  subunits are 
not adjacent to each other in the receptor complex, and are probably separated by 
either the p or y subunit (Karlin et al, 1983; Hamilton et al, 1985). Nicotinic 
receptors are members of a superfamily of ligand-gated ion channels. Included in 
this group are GABA^, glycine and some glutamate and serotonin receptors 
(reviewed by Karlin, 1993); all are macromolecules, and are comprised of an 
integral receptor composed of subunits arranged aiound an ion channel.
Affinity labelling experiments in the early 1970s showed that the 
acetylcholine binding site was located on the a  subunit (Reiter et al, 1972; Karlin 
& Cowbum, 1973; Weill et al, 1974). This implies that there are two ACh binding
10
Figure 1.1. The pentameric structure of the nicotinic cholinergic receptor of 
Torpedo electroplax tissue. The receptor is a macromolecule comprising an 
integral receptor and non-specific cation channel, and is made up of five 
polypeptide chains arranged around the pore. The agonist-binding sites are located 
on the a  subunits (but see Karlin, 1993), implying that two molecules of ACh 
must bind to the receptor in order for the channel to open. Conserved tyramine, 
tryptophan and cysteine residues located at the agonist-binding sites are thought to 
be involved in ligand binding (Karlin, 1993).
(Figure adapted from Rang & Dale, 1987.)
sites per receptor protein, a result which had been indicated by pharmacological 
analysis.
The first nicotinic receptor to be sequenced was that of Torpedo 
californica (Noda et al, 1982, 1983a; Claudio et al, 1983). All subunits have the 
same secondary structure, and share a high degree of homology (approximately 
40 %). They contain four stretches of hydrophobic amino acids. M l to M4, which 
are assumed to be membrane spanning domains. M2 is the most highly conserved 
domain, and is thought to be involved in ion channel formation: mutagenesis 
studies have demonstrated that replacement of residues in the M2 domains of each 
subunit affects the conductance of the channel when the receptor is expressed in 
Xenopus oocytes (Imoto et al, 1991). The amino termini of the subunits are 
extracellular, but there has been some debate as to whether the carboxy termini of 
the peptide chains are extracellular (McCrea et al, 1987; Dwyer, 1991) or 
intracellular (Lindstrom et al, 1984; Young et al, 1985). However, evidence now 
suggests that the carboxy termini are extracellular (Karlin, 1993).
Cloning of the nicotinic receptor of bovine calf skeletal muscle showed 
that the nicotinic receptor found in this tissue also consisted of a , (3, y and ô 
subunits and shared a high degree of amino acid sequence homology with the 
receptor present in fish electroplax (Noda et al, 1983b; Takai et al, 1984; Tanabe 
et al, 1984; Kubo et al, 1985). The y subunit of calf muscle was sequenced from 
RNA extracted from foetal or newborn tissue (Takai et al, 1984), but when older 
muscle was used, a novel subunit was uncovered (Takai et al, 1985) which was 
termed 8 . This subunit showed a high degree of homology with the calf y subunit. 
When injected into Xenopus oocytes with a , (3 and 6  subunits a functional ACh 
receptor was expressed. Mishina et al (1986) demonstrated that the kinetics of a 
receptor containing the y subunit differed from an s-containing receptor, and that 
these differences corresponded to those found in foetal and mature calf muscle, 
suggesting that the two subunits are differentially expressed during development.
11
Neuronal nicotinic receptors are also composed of five subunits, which are 
classified as a  or (3 (or non-a) (Conti-Tronconi et al, 1994). To date, seven a  (a2 
to a 8 ) and four p (P2 to p5) subunits have been sequenced from both mammalian 
and non-mammalian autonomic ganglia and CNS tissue (muscle subunits are 
conventionally known as a l  and pi). No sequences corresponding to y, ô or 8  
have yet been identified. Sensitivity to a-BTX is conferred by the a  subunit: 
toxin-sensitive receptors contain a l  or a 8  subunits, and toxin-insensitive 
receptors contain a2, a3 or a4  subunits. The effect of a-BTX on nicotinic 
receptors composed of a5 or a 6  subunits is unknown.
Insect nicotinic acetylcholine receptors are assumed to have a similar 
pentameric structure to vertebrate nicotinic receptors. The first insect nicotinic 
receptor subunits to be cloned were a non-a subunit, or ART) (Hermans- 
Borgmeyer et al, 1986) and an a  subunit (ALS; Bossy et al, 1988) from 
Drosophila. Since then, a second a , termed Da2 (Jonas et al, 1990) and non-a 
subunit (SBD; Sawimk et al, 1990) have also been cloned from Drosophila. An a  
subunit (aL l) has also been cloned from Schistocerca (Marshall et al, 1990). 
Perhaps not surprisingly, these subunits have a higher homology for vertebrate 
neuronal receptor subunits than muscle or electroplax receptors: ALS, ARD, aL l 
and Da2 show approximately 40, 46, 46 and 60 % homology respectively with 
vertebrate neuronal a  subunits (Bossy et al, 1988; Hermans-Borgmeyer et al, 
1986; Marshall et al, 1990; Jonas et al, 1990). Little pharmacological work has 
been done on the nicotinic receptors which can be reconstituted from these 
subunits, but it has been found that a-BTX binds to a L l (Marshall et al, 1990) 
and to ALS (Bertrand et al, 1994), but not to Da2 (Bertrand et al, 1994).
The subunits of the insect nicotinic receptor could combine to form either 
homo-oligomeric receptors or hetero-oligomeric receptors, and there is evidence 
for the occurrence of both. Initial attempts to puiify nicotinic receptors from 
locust nervous tissue resulted in the detection of a single polypeptide, implying
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that the natural receptor was a homo-oligomer (Breer et al, 1985). When 
expressed in lipid bilayers a functional nicotinic receptor was obtained (Hanke & 
Breer, 1986). However, the existence of a Drosophila non-a subunit (Hermans- 
Borgmeyer et al, 1986), which is presumably a non-ligand binding subunit, would 
suggest that insect nicotinic receptors are hetero-oligomers because an a  subunit 
would be required for ligand binding. In support of this hypothesis, expression 
studies have shown that both ALS and ARD Drosophila subunits must be injected 
into Xenopus oocytes in order to form a functional receptor (Schloss et al 1991). 
These conflicting observations suggest that insect nicotinic receptors can exist as 
both homo-oligomeric and hetero-oligomeric structures.
1.1.2.2. Muscarinic receptors
Whereas the nicotinic ACh receptor is a macromolecule comprising an 
integral receptor and non-specific cation channel, muscarinic receptors are 
members of a superfamily of plasma membrane receptors that couple to guanine 
nucleotide-binding proteins (G proteins; see Section 1.2.1.) to mediate signal 
transduction (Hulme et al, 1990). Other members of this superfamily include 
receptors for catecholamines, metabotropic glutamate receptors, serotonin, 
GABAg, most neuropeptides and rhodopsin. These G protein-linked receptors 
consist of a single polypeptide chain, with seven hydrophobic transmembrane 
helices (TM1-TM7), joined by alternating intracellular (il-i4) and extracellular 
(ol-o3) loops. The amino terminal of the protein is extracellular, and the carboxy 
terminal is cytoplasmic. A diagrammatic representation of a muscarinic receptor is 
shown in Figure 1.2.
Pharmacological experiments had shown that muscarinic receptors existed 
in more than one subtype (Section 1.1.1.2.); the development of molecular biology 
techniques enabled researchers to classify muscarinic receptors further. 
Physiologically-defined receptors are represented by 'M', whereas genetically- 
defined muscarinic receptors are represented by 'm '. Muscarinic receptors were
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Figure 1.2. The muscarinic cholinergic receptor consists of one polypeptide chain 
with seven hydrophobic transmembrane helices, joined by alternating intracellular 
and extracellular loops. The amino terminal is extracellular, and the carboxy 
terminal is intracellular.
(Adapted from Brann et al, 1993a.)
TMl TM3 TM5
i3
first purified from porcine brain (Haga & Haga, 1983) and heart (Peterson et al, 
1984). Kubo et al (1986a) successfully cloned muscarinic receptors from porcine 
brain, expressed them in Xenopus oocytes and proposed that they were similar to 
M | receptors due to their high affinity for pirenzepine. In another paper (Kubo et 
al, 1986b), the same group reported the sequence of the cDNA encoding the M2  
receptor in porcine cardiac muscle. The receptors were subsequently expressed in 
Chinese hamster ovary cells and confirmed as being of the M2  subtype due to 
their low affinity for pirenzepine (Peralta et al, 1987a). Bonner et al (1987) 
isolated three cDNAs from rat cerebral cortex: one is the homologue of the 
porcine brain muscarinic receptor (m%), and the other two were similar, but 
distinct from both the brain and cardiac (m2 ) receptors already identified and were 
termed m3 and When transfected into COS-7 cells, the m%, m3 and m^ 
receptors had a high affinity for pirenzepine. A fifth muscarinic receptor was later 
cloned from rat brain (Liao et al, 1989), which had similar antagonist binding 
properties to the Mj receptor.
The distribution of mRNAs in vertebrate tissues is displayed in Table 1.2. 
The mj to m$ receptor proteins have been detected throughout the brain (Brann et 
al, 1988, 1993b; Buckley et al, 1988; Weiner & Brann, 1989). Several brain areas 
express more than one receptor subtype, such as the hippocampus, cortex, 
thalamus and striatum. Similar observations have been made in rabbit peripheral 
tissues (Dorje et al, 1991). Significant amounts of m^ mRNA have not been found 
in the periphery (Dorje et al, 1991).
The five mammalian receptor proteins show a high level of sequence 
homology, and share approximately 145 invariant amino acids (Wess, 1993). The 
majority of these common amino acids are located in the seven transmembrane 
regions. The third cytoplasmic loop, referred to as 13, is very large in all 
muscarinic receptors, but there is very little sequence homology between the 
different subtypes (Bonner, 1989).
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Table 1.2. Distribution of mRNAs encoding muscarinic receptors.
mj m2
hippocampus hippocampus 
cortex cortex
striatum
sympathetic
ganglia
thalamus
striatum
sympathetic
ganglia
vas deferens vas deferens
submaxillary submaxillary
gland gland
atrium
ileum
m3 m4 mg
brain
hippocampus
cortex
thalamus
hippocampus hippocampus 
cortex substantia
nigra
thalamus
striatum
peripheral tissues
submaxillary lung
gland
lung
It has been suggested that ligand binding to the muscarinic receptor occurs 
in the pocket formed by the circular arrangement of the seven transmembrane 
domains in a helical wheel arrangement, as shovm in Figure 1.3. (Hulme et al, 
1990). Practically all muscarinic ligands have a positively charged amino head 
group, and affinity labelling studies suggested that ligand binding occurs due to 
ion-ion interaction between the amino group and an aspartate residue located in 
TM3 (Curtis et al, 1989; Kurtenbach et al, 1990). This was further demonstrated 
by site-directed mutagenesis (Fraser et al, 1989) in which substitution of this 
aspartate with the uncharged amino acid asparagine resulted in a receptor that was 
unable to bind [^HJQNB. In addition to this binding site, the hydrophobic core of 
the receptor contains a series of conserved threonine and tyramine residues: it is 
postulated that the hydroxyl groups in the side chains of these amino acids interact 
with the ACh molecule by forming hydiogen bonds. This theory is supported by 
experiments in which Thr residues were replaced by alanine, or tyramine by 
phenylalanine, which resulted in receptors with a much lower affinity for ACh and 
carbachol (Wess et al, 1991). However, the binding of antagonists to the mutant 
receptors was unaffected, suggesting that these residues are only involved in 
agonist binding.
Binding of a muscarinic agonist to the receptor results in a conformational 
change in the protein which enables it to bind to a G protein. Expression studies 
have shown that the m^, mg and mg receptors generally couple to G proteins that 
stimulate phosphoinositide hydrolysis (see Section 1.2.3.), and the m2  and m^ . 
receptors selectively couple to G proteins that cause the inhibition of adenylate 
cyclase (see Section 1.2.2.) (Fukuida et al, 1988; Peralta et al, 1988; Pinkas- 
Kramarski et al, 1988; Liao et al, 1989; HM4 and HM3 of Peralta et al correspond 
to m3 and m^ respectively). One exception is the muscarinic receptors of the heart, 
in which the receptor-activated G protein interacts directly with the ion channel 
(see Sections 1.2.1. and 1.3.1.3.). The intracellular loops of the receptor protein 
are involved in G protein recognition: mutagenesis studies involving M] receptors
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Figure 1.3. The muscarinic cholinergic receptor is arranged in the membrane in a 
circular 'helical wheel' arrangement, and agonist binding occurs in the pocket 
formed in the centre of the receptor. The positively charged amino head group 
interacts with a negatively charged aspartate (D) residue in TM3. In addition, 
hydroxyl groups of threonine (T) and tyramine (Y) residues form hydrogen bonds 
with the ACh molecule. The numbering of amino acid residues refers to the rat M3 
receptor.
(Adapted from Wess, 1993.)
VII Y506
T231cn OH OH
T234OH
OH HOOH
COO
Y148
D147
(Fraser et al, 1989) and p-adrenergic receptors (Fraser et al, 1988) have shown 
that a highly conserved aspartate residue at the beginning of 12 is necessary for 
efficient G protein coupling. However, experiments have suggested that the 13 
domain is sufficient to determine which G protein the receptor subtype will bind 
to (Kubo et al, 1988). The specificity of the receptor is conveyed by the N- 
terminal 16-21 amino acids of 13 (Wess et al, 1989; Lechleiter et al, 1990). It is in 
this region that the sequences of n i|, m3  and m$ differ most from those of m^ and 
m^ (Peralta et al, 1987b; Wess et al, 1989).
Only one invertebrate muscarinic receptor has been cloned; both Onai et al 
(1989) and Shapiro et al (1989) cloned a Drosophila receptor which contains the 
conserved residues common to most G protein-linked receptors, as well as those 
common to all muscarinic receptors. The receptor isolated by Onai et al has 6 6  
more amino acids than that reported by Shapiro and colleagues (788 amino acids 
compared with 722); both were considerably longer than mammalian muscarinic 
receptors (460-590 amino acids; Shapiro et al, 1989). The discrepancy between 
the receptor molecules isolated by the two groups can be explained by the 
presence of an alternative splicing site in i3 (Shapiro et al, 1989), which will result 
in slight variations in the protein produced. Onai et al (1989) found that both the 
13 domain and the amino terminus were longer than those reported for most of the 
mammalian receptor proteins; i3 was approximately double the length. These 
authors showed that the Drosophila muscarinic receptor displayed approximately 
60 % homology with mammalian muscarinic receptors, and was most similar to 
m |. When only the transmembrane domains were considered, the homology was 
increased to a maximum of 8 8  % in TM3 and 4. Shapiro et al (1989) obtained a 
lower homology of 45 to 50 % when the amino acids of 13 proposed to be 
involved in G protein recognition in mammalian receptors were excluded. These 
20 amino acids were more similar to mammalian m^, m3 and m$ (45,50 and 60 % 
homology respectively) than to m2  and m4  (25 and 15 % homology respectively).
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Both groups showed that there was very little similarity between the i3 domain of 
the Drosophila muscarinic receptor and the mammalian muscarinic receptors.
Shapiro et al (1989) expressed the Drosophila muscarinic receptor protein 
Y 1 adrenal carcinoma cells, and found that it bound pirenzepine and thus appeared 
to be similar to the vertebrate receptor. In addition, the receptor mediated a 
carbachol-induced increase in phosphoinositide hydrolysis, suggesting that it is 
similar to the mammalian m i, m3 and m^ receptors. The Drosophila receptor was 
also expressed in COS 7 cells and Xenopus oocytes (Blake et al, 1993); the order 
of potency of muscarinic receptor antagonists was 4-DAMP > pirenzepine > AF- 
DX 116, implying that the pharmacology of the receptor broadly resembled that of 
the vertebrate M% and M3 receptors.
1.1.3. Functional muscarinic receptors in the insect CNS
The first evidence for a physiological role for presynaptic muscarinic 
receptors in the insect CNS came from experiments on locust synaptosomes 
(Breer & Knipper, 1984). Synaptosomes are pinched-off nerve terminals and can 
be used to study the characteristics of neurotransmitter release: when the external 
concentration is increased, the synaptosomes are depolarised, thus stimulating 
the release of ACh. Breer & Knipper (1984) demonstrated that in the presence of 
muscarinic agonists the amount of ACh released was reduced, and in the presence 
of muscarinic antagonists it was increased. The results of their experiments were 
strongly indicative of the presence of presynaptic muscarinic receptors that were 
involved in regulating ACh release. Further experiments confirmed the muscarinic 
properties of these receptors, and demonstrated than they were insensitive to 
pirenzepine and therefore resembled vertebrate M2  receptors (Knipper & Breer, 
1988, 1989). The involvement of muscarinic autoreceptors in synaptic 
transmission has been demonstrated in electrophysiological studies by 
investigating the effects of muscarinic ligands on the epsps evoked in central 
neurones of cockroach (Hue et al, 1989; Le Corronc et al, 1991), locust (Leitch et
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al, 1993) and Manduca (Trimmer & Weeks, 1989). In these experiments, 
muscarinic agonists decreased the amplitude of the epsps, and muscarinic 
antagonists increased the amplitude of the epsps. The work of Le Corronc et al 
(1991) pointed to the same conclusions as Knipper & Breer (1988, 1989), that the 
presynaptic muscarinic receptors had a pharmacological profile similar to 
vertebrate M2  receptors (for detailed review see Trimmer, 1995).
For many years, the functional role of postsynaptic muscarinic receptors 
remained unclear. Recently, however, it has been demonstrated that the addition 
of muscarinic agonists to neurones of Manduca (Trimmer & Weeks, 1989, 1993), 
locust (Baines & Bacon, 1994) and cockroach (Le Corronc & Hue, 1993) 
increased the excitability of the cells and lowered the spike threshold. In the intact 
animal, this would facilitate synaptic transmission and increase the probability of 
a nicotinic receptor-mediated depolarisation evoking an action potential.
1.1.4. 'Mixed* cholinergic receptors
Evidence for a putative third type of cholinergic receptor emerged in 1971 
from work on the electroplax of Electrophorus (Eldefrawi et al, 1971). 
Biochemical studies revealed the existence of receptors which bound muscarone, 
nicotine and décaméthonium, a nicotinic antagonist at the vertebrate 
neuromuscular junction. It was also found that the binding of muscarone was 
reduced by nicotine, curare (vertebrate neuromuscular junction and electroplax 
nicotinic receptor antagonist) and décaméthonium and thus appeared to have a 
mixed muscarinic-nicotinic pharmacology. Binding studies have also provided 
evidence for mixed muscarinic-nicotinic receptors in the head of Musca (Aziz & 
Eldefrawi, 1973; Mansour et al, 1977; Hanis et al, 1981), cultured neurones fi-om 
the brain of Periplaneta (Lees et al, 1983) and bovine chromaffin cells (Shirvan et 
al, 1991). However, the density of these putative receptors is much higher than 
that found for other receptors, which could suggest that the binding sites do not 
correspond to receptor proteins. Electrophysiological experiments have
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demonstrated the existence of functional mixed muscarinic-nicotinic receptors in 
several different prepaiations: the response evoked by nicotine can be blocked by 
muscarinic antagonists in isolated, unidentified neurones of Locusta (Benson & 
Neumann, 1987; Benson, 1992), motoneurone Df of Periplaneta (David & 
Pitman, 1993a) and the skin of Rana catesbiana (Cox, 1993). In addition, the 
effects of muscarinic agents are mimicked by nicotine in Df neurone somata 
(David & Pitman, 1993a). The effect of a-BTX on the mixed muscarinic-nicotinic 
receptors of these preparations differs: the toxin did not bind to the receptor 
identified by Mansour et al (1977), but did bind to the receptor located on cultured 
Periplaneta neurones (Lees et al, 1983). Similarly, the functional mixed 
muscarinic-nicotinic receptors of motoneurone Df were insensitive to a-BTX 
(David & Pitman, 1993a) but those of isolated, unidentified neurones of Locusta 
(Benson & Neumann, 1987; Benson, 1992) can be blocked by a-BTX. As yet, the 
molecular biology of such receptors has not yet been studied. In fact, they may 
correspond to one of the muscarinic receptor subtypes.
1.1.5. Evolution of cholinergic receptors
The question thus arises, how have two very different receptor molecules 
which utilise the same neurotransmitter evolved? There is no evidence that the 
receptors are closely related: the two receptor proteins differ greatly in structuie 
and physiology. Additionally, when the amino acid sequences of the nicotinic 
receptor subunits are compared with those of the muscarinic receptor, there is only 
random homology. These data strongly suggest that the receptors evolved 
convergently to bind ACh.
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1.2. STGNAI TRANSDUCTION PATHWAYS
Muscarinic receptors are not directly coupled to ion channels, but exert 
their effects via guanine nucleotide-binding proteins (G proteins) which regulate 
second messenger pathways, and these in turn can regulate a large number of 
physiological and biochemical processes in the cell. Two pathways which have 
been well described are ( 1 ) the production of cyclic adenosine monophosphate 
(cAMP) from adenosine triphosphate (ATP) catalysed by the activation of 
membrane bound adenylate cyclase, and (2 ) a combination of second messengers 
resulting from the hydrolysis of a membrane phospholipid (phosphatidyl inositol 
4,5-bisphosphate, or PIP2 ) by activation of a membrane associated phospholipase 
C (PLC). Hydrolysis of PIP2  results in the production of inositol 1,4,5- 
trisphosphate (IP3 ) and diacylglycerol (DAG). IP3 binds to specific receptors on 
the endoplasmic reticulum causing the release of Ca^^, In both these pathways, 
there are a number of ways that the second messengers can exert their effects: they 
can bind directly to a target protein, thus affecting a confomiational change, or 
they can activate a protein kinase which phosphorylates specific proteins, causing 
a conformational change. cAMP activates a cAMP-dependent protein kinase 
(PKA) and DAG activates protein kinase C (PKC).
This thesis presents evidence consistent with the involvement of both 
cAMP and Ca^+ in muscarinic receptor-mediated events. The following outline of 
second messengers therefore concentrates on Ca2+ and cAMP; PIP2  hydrolysis is 
also described because IP3 may be involved in Ca^ '*' release from intracellular 
stores. A description of G proteins is also included.
1.2.1. G proteins
G proteins allow amplification of a signal and provide an additional level 
of control. Amplification can occur at three stages: one receptor-agonist complex 
can activate several G proteins, and each G protein can then activate several 
enzyme molecules, which in turn can generate many second messenger molecules.
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G proteins are membrane bound heterotrimeric proteins comprising a , p 
and y subunits. The involvement of a G protein in transmembrane signalling was 
initially suggested from investigations into the actions of glucagon in the rat liver, 
where it was discovered that the hormone required the presence of guanyl 
nucleotides in order to break down glycogen (Rodbell et al, 1971). There is a 
superfamily of G protein-coupled receptors, which includes those for the 
neurotransmitters ACh, catecholamines, glutamate, GAB A, neuropeptides and 
serotonin (Hulme et al, 1990).
The enzyme which is modulated by a particular G protein depends upon 
the a  subunit. There are four main classes of G protein: Gg, G,, Gq and G^2 , and 
within each class there are several types of a  subunit (reviewed by Hepler & 
Gilman, 1992). Gg and G| are generally coupled to adenylate cyclase (see Section
1.2.2.), whereas Gq and G ^ 2  are coupled to phospholipase C. There is a relatively 
high degree of similarity between p and y subunits (Hepler & Gilman, 1992).
Figure 1.4 shows the five stages of G protein-mediated transmembrane 
signalling. In the inactivated state (a), GDP (guanosine diphosphate) is bound to 
the G protein. However, binding of a receptor-agonist complex to the a  subunit 
(Gqj) alters the guanyl nucleotide binding site on G^ ,^ resulting in dissociation of 
the GDP molecule and binding of GTP (guanosine triphosphate) (b). The binding 
of GTP activates the G protein and allows G^  ^ (with an associated GTP molecule) 
to dissociate from Gpy and the receptor-agonist complex (c). The free G^  ^ subunit 
can then bind to and modify the activity of one of several enzymes, the particular 
one depending on the particular G^  ^subunit (d). G^  ^is activated for as long as GTP 
is bound; the subunit has GTPase activity (Brandt et al, 1983) and will slowly 
hydrolyse the GTP molecule to GDP. Wlien this occurs, the G protein is 
inactivated and dissociates from the enzyme (e) and returns to the basal state.
The receptor-agonist complex is only necessary to initially activate the G 
protein: G t^ will activate the enzyme independently of the receptor-agonist 
complex. This was first demonstrated by Schramm & Rodbell (1975), who
21
Figure 1.4. The five stages of G protein-mediated transmembrane signalling. In 
the inactivated state (a), G proteins exist as heterotrimers, with GDP bound to the 
G protein. Upon agonist binding and receptor activation, the receptor-agonist 
complex binds to the a  subunit, altering the guanyl nucleotide binding site on G^ ;^ 
the GDP molecule dissociates and GTP binds to G(^  (b). The binding of GTP 
activates the G protein and allows G^^-GTP to dissociate from Gpy and the 
receptor-agonist complex (c). The free G^  ^subunit can now bind to and modify the 
activity of an effector molecule (d). In some cases, Gpy interacts with a second 
effector, E2 . G^  ^possesses an intrinsic GTPase activity and will slowly hydrolyse 
the GTP molecule to GDP. When this occurs, the G protein is inactivated and 
dissociates from the enzyme (e) and retmns to the basal state (a).
(From Hepler & Gilman, 1992.)
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showed that the addition of the p-adrenergic antagonist propranolol only inhibited 
the effect of the p-adrenergic agonist isoproterenol if added prior to the agonist.
G proteins can modulate ion channels directly without involving a second 
messenger pathway. This has been observed in vertebrate heart, where muscarinic 
receptors activate G proteins which bind directly to channels and thus increase 
the K+ conductance of the cell (Noma, 1986).
1.2.2. Cyclic AMP
The existence of cAMP was first discovered in liver homogenates by Rail 
et al (1957), and there is now abundant evidence that the modulation of cAMP 
production is a major intracellular signalling system (Schramm & Selinger, 1984; 
Berridge, 1985). Receptor activation modulates adenylate cyclase activity via G 
proteins. There are two types of G protein involved: those which mediate an 
increase in cAMP are termed stimulatory G proteins, or Gg, and those mediating a 
decrease in cAMP production, inhibitory G proteins (Gj) (Berridge, 1985). 
Pertussis toxin and cholera toxin (isolated from the bacteria Bordetella pertussis 
and Vibrio cholerae respectively) have been important tools in the determination 
of the role of G proteins in adenylate cyclase activity. Cassel & Pfeuffer (1978) 
showed that cholera toxin ADP ribosylates the a  subunit of Gg, thus blocking its 
GTPase ability and locking the G protein in the active form. Pertussis toxin ADP 
ribosylates (Katada & Ui, 1982) the a  subunit of G\, which prevents the binding 
of GTP. Both toxins result in the persistent stimulation of adenylate cyclase.
Initial work on cAMP was concerned with the stimulation, rather than 
inhibition, of cAMP production: when the membrane receptor is activated by the 
binding of an agonist molecule, it undergoes a conformational change and binds to 
Gg. The a  subunit of the G protein then couples to the membrane-bound enzyme 
adenylate cyclase, which converts ATP (adenosine triphosphate) to cAMP. 
Alternatively, activation of a receptor which is coupled to Gj inhibits adenylate
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cyclase and leads to a decrease in the concentration of cAMP. These events are 
shown in Figure 1.5.
cAMP is released into the cytoplasm and may regulate some ion channels 
by binding to them directly (Nakamura & Gold, 1987). However, in the majority 
of known examples it activates cAMP-dependent protein kinase (PKA or A- 
kinase), first described in rabbit skeletal muscle by Walsh et al (1968). This 
enzyme consists of two regulatory subunits and two catalytic subunits: cAMP 
molecules bind to the regulatory subunits, liberating the catalytic subunits. The 
catalytic subunits are now activated and phosphorylate specific amino acid 
residues of target proteins such as ion channels, resulting in their opening or 
closing (Levitan, 1988).
There are two major mechanisms by which the adenylate cyclase system is 
deactivated. Firstly, the modulation of adenylate cyclase only continues for as 
long as GTP is bound to G^ ,^ thus when GTP is hydrolysed to GDP the G protein 
is inactivated and will cease to stimulate (Gg) or inhibit (Gj) adenylate cyclase. 
Secondly, cAMP is hydrolysed to the inactive AMP by cAMP phosphodiesterase 
(Sutherland & Rail, 1958) and cAMP-dependent protein kinase will no longer be 
activated because of the decrease in cytosolic cAMP.
1.2.3. Inositol phospholipids
Phosphatidyl inositol 4,5-bisphosphate (PIP2 ) is a plasma membrane 
phospholipid. Binding of a neurotransmitter to its receptor activates a G protein 
(Gp) which in turn activates the membrane-bound enzyme phospholipase C (or 
phosphoinositidase), leading to the hyrolysis of PIP2 . Two compounds are 
produced, inositol 1,4,5-trisphosphate (IP3 ) and diacylglycerol (DAG), both of 
which act as second messengers (Nahorski, 1988). IP3 is cytosolic whereas DAG 
is membrane-bound (Berridge & Irvine, 1984). The processes involved in PIP2  
hydrolysis are shown in Figure 1.6.
23
X (U (U (U Æ
■ ^ o
cdsS -3 S
o l  I
§ ■ 3  S
(U ÛÛg «
= ■g
Vi CJ
■ l
" g  ;v: ^  —
T3
| l i5 (4-, u
B i "
i l l
I I I
■5 § 2—' <u ^  o ^ U^1 |§ ^  Icd jp^  3  
C
1 1 1
ë  o
8- § "  
r | i
- 1 1 
■ t i i
y  .5 -g 
"  3  : c  B 3 s
I  H C ^- Q  ^it
^  5, -  
1 1 1
t S iII?
<
ock
V);
(4- ,
o
co
3  ^ £
4 : :
I I I3 "O 3
E l  I
i i
O ,
O h
T3
O h
13
V3 T3
1 1 1cd
m0 0
o \
Ill— <u U,Id ^cd
a  2  °  
2 < Iu Q 2I I 'I
E & K
C/3
l l
§ -ë
°  l |  
■ §
1IT3
1 _3 £
m 0Û oc'■3 +(N
O
• a 1
3
U
>
£ a
•f=
1 £
3
T3
<u >> §
1 C"3 3_Q T3
gC" °  I
" i lilVi (JIIs<usI(4_o
Vi
3
£
gf
f
c / T
£'§
3
CI
II
£ ■It
C/3II
U
Éc
3  
' £
"O
(U
2
l o
OJ
\ 6
cd CÜJ
3  2  S
j T I - i
I  s
1 !d CQti
The first demonstration that IP3 stimulated the release of Ca^ "^  from 
intracellular stores came from work on permeabilised rat pancreatic acinar cells 
(Streb et al, 1983), and it has since been verified for numerous cell types (Berridge 
& Irvine, 1984). The increase in Ca^ "  ^ is only transient because it is efficiently 
buffered and sequestered as described in Section 1.2.4., and the IP3 is inactivated.
There are two pathways by which IP3 may be metabolised, and they are shown in 
Figure 1.7a: it can be converted to inositol by the sequential action of three 
phosphatases which hydrolyse it to 1 ,4 -IP2 , then inositol 4-phosphate and finally 
to inositol. This is assumed to be an inactivation pathway because there is no 
evidence for a signalling role for IP2  (Nahorski, 1988). Alternatively, it can be 
phosphorylated to inositol 1,3,4,5-tetrakisphosphate, which is progressively 
hydrolysed to inositol 1,3,4-trisphosphate, 3 ,4 -IP2 , inositol 3-phosphate and 
inositol. The intermediaries produced by both of these pathways may also function 
as intracellular messengers (Nahorski, 1988),
The other product of PIP2  hydrolysis, DAG, activates protein kinase C
(PKC or C-kinase), a phospholipid- and Ca^^-dependent enzyme (Takai et al,
!
I
1979), by increasing the affinity of the kinase for Ca^+ so that it can be activated !
at resting levels of Ca^+ (Kishimoto et al, 1980). Protein kinase C phosphorylates i
target proteins including ion channels, thus opening or closing them. DAG is only j
present for a few seconds, and can be phosphorylated to phosphatidate, which j
reacts with GTP (cytidiiie triphosphate) to form CDP-DAG. Phosphatidyl inositol |
is subsequently produced by the reaction of CDP-DAG and inositol (Figure 1.7b). i
IDAG can also be hydrolysed to glycerol and its constituent fatty acids, releasing I
arachidonic acid which is used in the synthesis of lipid signalling molecules such j
as prostaglandins. i
I!1.2.4. Calcium j
Calcium is a major second messenger substance in cells (Berridge, 1985), '
and can enter across the external membrane, or can be released from intracellular' i
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Figure 1.7a. Metabolic pathways of 1 ,4 ,5 -IP3 . Inactivation of the second 
messenger occurs by hydrolysis to 1 ,4 -IP2 , inositol 4-phosphate and inositol. 
Alternatively, 1,4,5-IPg can be phosphorylated to 1,3,4,5-IP^, which is then 
hydrolysed via 1 ,3 ,4 -IP3 , 3 ,4 -IP2  and inositol 3-phosphate to inositol.
Figure 1.7b. DAG is metabolised by phosphorylation to phosphatidate, which 
reacts with CTP to form CDP-DAG. This compound reacts with inositol to form 
phosphatidyl inositol, a precursor of PIP2 .
(From Stryer, 1988)
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stores - primarily the smooth endoplasmic reticulum (SER) (or sarcoplasmic 
reticulum (SR) in muscle) - triggered by second messengers such as Ca^+ itself or 
IP3 (see Section 1.2.3.). It has been suggested (Taylor & Marshall, 1992) that the 
two sources of Ca^+ are involved in distinct functions: Ca^+ entry into the cell 
through voltage sensitive ion channels in the surface membrane is probably the 
major supply of the ion for Ca^^-dependent release of neurotransmitter from nerve 
terminals, although intracellular Ca^ "^  stores is also an important source of Ca^^ 
(Tsien & Tsien, 1990). In smooth muscle, Ca^+ release from intracellular stores 
plays a large part in contraction (Taylor & Marshall, 1992), whereas in cardiac 
and skeletal muscle contraction results from a combination of these two 
mechanisms: Ca^^ entry into the cell stimulates Ca^ "^  release from the SR (Taylor 
& Marshall, 1992).
Two groups of intracellular Ca^^-release channels have been identified, 
those sensitive to ryanodine ('ryanodine receptors'; activated by low 
concentrations of ryanodine, and inhibited at higher concentrations) and those 
sensitive to IP3  ('IP3 receptors'). They are distinct entities which respond to 
different signals and are specialised for different roles (Ehrlich et al, 1994). Both 
channel types are present in intracellular membranes of numerous cell types, 
although they are not usually localised together in the same membrane (Hille, 
1992). This would imply that the ryanodine-sensitive and IP3 -sensitive Ca^+ 
stores are distinct. Ryanodine receptors are the main Ca '^*' release channels in 
skeletal muscle, whereas IP3 receptors are more common in smooth muscle. 
Neurones have significant amounts of both receptor types (Hille, 1992).
There are several mechanisms by which ryanodine receptors are activated, 
but the main one is Ca^^-induced Ca^+ release, in which an increase in free 
cytosolic Ca^ "^  triggers the release of more Ca^ "** from the intracellular stores. The 
only known physiological substance which can activate IP3 receptors is IP3 itself 
(Ehrlich et al, 1994). Both channels are strongly modulated by cytosolic Ca^+: at
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low concentrations the channels can be opened by their appropriate activator, but 
at higher concentrations they are inhibited (Bezprozvanny et al, 1991).
Supattapone et al (1988) found that Ca^'^ inhibits binding of IP3 to rat cerebellar 
membranes, but not to the purified receptors, which suggests the involvement of a 
Ca^+ binding protein which regulates the IP3 receptor.
After release of Ca "^^  from the intracellular stores, the stores must be 
refilled. Two mechanisms for this are (1) sequestration into intracellular stores by 
Ca^'^ ATPase, a Ca "^^  pump located in the membranes of Ca2+ storage organelles 
and (2 ) refilling from the external environment; the decrease in the Ca^ "*" content 
of the stores activates a class of surface membrane Ca^^ channels called Ca^+-
release-activated channels (CRAG), a mechanism which appears to involve at
!least one type of cytosolic factor (reviewed by Fasolato et al, 1994). It has also I
been suggested that the IP3 receptor undergoes a conformational change so that it j
can interact with, and activate, a Ca^+ channel in the cell membrane (Irvine, |
1990). j
It is very important that the concentration of Ca^+ does not remain elevated |
!for longer than necessary, and to this end there are highly efficient mechanisms by 
which the increased Ca^+ concentration is returned to that of rest (Blaustein,
1988). One mechanism is the buffering of Ca^+ by Ca^+-binding proteins in the 
cytoplasm such as parvalbumin and vitamin D-dependent Ca^+-binding protein; 
binding to these proteins renders Ca2+ inactive. This is a rapid process, but is 
likely to become saturated quickly. Ca '^*' that is not bound can be sequestered into 
intracellular stores by Ca^+ ATPase, as described above. Ca^ "^  can alternatively be 
expelled from the cell by either a second type of Ca2+ ATPase, or the Na'‘'-Ca2+ 
exchanger. The latter extrudes one Ca^+ from the cell for the entry of three N a \  
and is driven by the Na"  ^electrochemical gradient rather than ATP.
The effects of Ca^+ can be mediated directly or through a Ca^^-binding 
protein such as calmodulin, found in the cytoplasm of both vertebrate and 
invertebrate cells. The protein behaves as a multipurpose intracellular Ca^+
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receptor and mediates many Ca2+-regulated processes. Four Ca^^ ions bind to one 
molecule of calmodulin to affect a change in its conformation, resulting in 
activation of the complex. One of the major targets of the Ca^+/calmodulin 
complex is a group of kinases known as calmodulin-dependent protein 
kinases, which phosphorylate specific amino acid residues of target proteins. A 
major consequence o f an increase in the concentration of intracellulai’ Ca^^ in 
neurones is the modulation of Ca^+-dependent channels, which will be 
discussed in Section 1.3.1.4.
1.2.5. Crosstalk between signal transduction pathways
The adenylate cyclase and phospholipid pathways are not completely 
isolated, so they may interact. The products of PIF2  hydrolysis can affect the 
activity of adenylate cyclase: the first demonstration of a synergistic relationship 
between protein kinase C and transmitter-activated adenylate cyclase stimulation 
was in rat pineal gland cells (Sugden et al, 1985), in which the addition of phorbol 
esters, or the DAG compound, OAG (l-oleoyl-2-acetylglycerol), resulted in the 
potentiation of cAMP production by isoprenaline. Yoshimasa et al (1987) showed 
that protein kinase C, stimulated by phorbol esters, could phosphorylate the 
catalytic subunit of adenylate cyclase of frog eiythrocytes. Carbachol stimulated 
PIP2  hydrolysis in Chinese hamster ovary (CHO) cells (Buck & Fraser, 1990) or 
A9 L fibroblasts (Felder et al, 1989) transfected with m^ receptors which 
subsequently caused an increase in cAMP levels; the effect was proposed to be 
due to activation of adenylate cyclase by Ca^+ release from intracellular stores by 
IP3 (Felder et al, 1989). A class of adenylate cyclase in mammalian brain 
(Brostrom et al, 1975; Cheung et al, 1975) and invertebrates (Abrams et al, 1991; 
Yovell et al, 1992) is Ca^‘*'/calmodulin-sensitive. cAMP production in SH-SY5Y 
human neuroblastoma cell lines was increased by both Ca^+ and protein kinase C 
(Jansson et al 1991), whereas in canine iris smooth muscle (Tachado et al, 1994) 
only Ca^+ appears to be involved.
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cAMP has been found to modulate PIP2  hydrolysis in several preparations. 
Akil & Fisher (1989) demonstrated that increasing intracellular levels of cAMP in 
SK-N-SH human neuroblastoma cell lines by stimulating adenylate cyclase 
activity or inhibiting phosphodiesterase activity resulted in a decrease in 
muscarinic agonist-stimulated phosphoinositide turnover. Similarly, glutamate- 
stimulated PIP2  hydrolysis in rat brain astrocytes was inhibited by either the 
activation of adenylate cyclase or the addition of the membrane permeable cAMP 
analogue dibutyryl cAMP (Robertson et al, 1990). Conversely, muscarinic 
receptor-mediated stimulation of PIP2  hydrolysis is enhanced by (3 adrenergic 
receptor-mediated stimulation of cAMP production in neuroepithelioma cells 
(Fisher et al, 1992).
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1.3. MEMBRANE CURRENTS
The apparent inward current induced by activation of the a-BTX-resistant 
receptors on the first basalar motoneurone may be due to inhibition of an outward 
current or stimulation of an inward current. The experiments presented in this 
thesis were designed to investigate whether muscarinic receptor activation 
modulated either an outward K+ current or an inward Ca^+ cuiTent. The following 
introductory section is an overview of and Ca^ '*' currents.
1.3.1. K+ currents
K+ channels have been found in almost every eukaryotic cell (Rudy, 
1988). K+ currents are hyperpolarising and thus play an important role in 
regulating the excitability of neurones. There are several types of channels and 
they have different kinetics, voltage dependency, pharmacology and single 
channel properties. However, the ionic selectivity of the channels is similai*: TH > 
K+ > Rb+ > NH4 +. Neurones must be capable of generating numerous patterns of 
activity, which may underlie the need for a diversity of channels. This 
diversity is not due to differences in cell types, because more than one K"^  current 
can be present in the same cell. In addition, different cells express similar K+ 
currents, and may not express every type of channel.
Two general classes of K+ channel are described here, and their 
characteristics are summarised in Table 1.3: voltage-dependent (delayed rectifier, 
A-current and inward rectifier) and Ca^+ dependent. The properties of individual 
types of channel can also be modulated by neurotransmitters. In the context of 
this thesis, the M-current, modulated by activation of muscarinic receptors is 
particularly relevant and is described below.
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1.3.1.1. Delayed rectifier
The voltage-dependent K+ current of the squid giant axon first described 
by Hodgkin & Huxley (1952a,b,c) is known as a delayed rectifier (Ik(V))» because 
it is activated with a delay after a depolarising voltage step, and because current 
flows more readily in one direction, namely out of the cell. This name is still used 
to describe axon-like channels, although the majority of known K+ channels 
also change the conductance of the membrane with a delay. The original work by 
Hodgkin & Huxley did not report inactivation of Ik(v )5 although using longer 
depolarising pulses it has been shown that the delayed rectifier of the squid giant 
axon does inactivate over a period of several seconds (Ehrenstein & Gilbert, 
1966). Similar observations have also been made in both molluscan neurones 
(Connor & Stevens, 1971a) and frog skeletal muscle (Adrian et al, 1968).
The activation threshold for the delayed rectifier varies between 
preparations, but tends to be between -50 and -20 mV (Rudy, 1988). The single 
channel conductance is between 15 and 20 pS (Rudy, 1988). When a depolarising 
voltage step is applied to a neurone under voltage clamp such that the delayed 
rectifier is activated, the conductance of the membrane increases sigmoidally and 
inactivates slowly. Upon repolarisation, the conductance decreases exponentially. 
The physiological role of Ik(V) is to repolarise the membrane during the falling 
phase of the action potential, thus keeping the duration of the action potential 
brief.
The delayed rectifier is the main K**" current in many cells, and is present in 
both invertebrate cells such as the squid giant axon, crab axons, Aplysia bag cell 
neurones and Drosophila muscle, and vertebrate cells including frog sciatic nerve, 
hippocampal neurones, caidiac muscle and skeletal muscle (reviewed by Rudy,
1988). There are two criteria used to distinguish it from other K+ currents: first, 
the macroscopic current displays similar kinetics and voltage-dependency to the 
current described by Hodgkin & Huxley (1952a,b,c). The second criterion is one 
of exclusion: if a current is not an A-cuiTent and is not Ca^^-sensitive, it is
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classified as a delayed rectifier. This has therefore resulted in a class of delayed 
rectifiers with diverse kinetics, voltage-dependency and pharmacology.
Delayed rectifier channels can be blocked by a variety of dmgs and 
toxins. Tetraethylammonium ions (TEA+) are membrane impermeant and block 
delayed rectifier K+ channels when applied either intra- or extracellularly (Hille,
1992), although the concentrations required vary. For example, 50 % block of 
Ik(V) of frog node of Ranvier is achieved by 0 4  mM external TEA+ (Hille, 1967), 
whereas 8  mM is required for the same effect in frog skeletal muscle (Stanfield,
1970a). Armstrong & Binstock (1965) found that 100 mM TEA+ had no effect on 
the squid giant axon when applied externally, although Tasaki & Hagiwara (1957) 
had previously reported that intracellular perfusion of the ion blocked the K+ 
channels of this preparation.
Delayed rectifier K+ channels are also blocked by Cs' '^ (Chandler & Meves,
1965; Bezanilla & Aiinstrong, 1972) and Ba^^ (Eaton & Brodwick, 1980;
Armstrong et al, 1982). Armstrong and colleagues (1982) showed that the block j
Îby externally applied Ba^+ ions was voltage dependent, and could be decreased by I
holding the cell at a more positive holding potential, or by applying depolarising ;
pulses. 4-Aminopyridine (4-AP) is a membrane permeable drug which is often #
used as a diagnostic agent for the A-cunent, although it also blocks delayed :
rectifier K+ channels of squid giant axon at similar concentrations (Yeh et al, 1
1976; Meves & Pichon, 1977). In the basalar/coxal depressor motoneurone of the 1
cockroach Periplaneta (Nightingale & Pitman, 1989), 4-AP and the related ;
compound 3,4-DAP shifted the peak in the N-shaped l/Y  relationship to less j
positive potentials.
Toxins isolated from the venoms of snakes and scorpions have been found i
to block delayed rectifier channels. Dendrotoxin is isolated from the venom of the !
green mamba snake Dendroapsis, and blocks both the delayed rectifier (Brau et al, î
1990) and the A-current (Halliwell et al, 1986). Benishin et al (1988) obtained i
four polypeptide fractions from the venom (designated a , (3, y and Ô), and showed *
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that the (3 and y peptides blocked the delayed rectifier, whereas a  and ô inhibited 
the A-current. The venom of the scorpion Centruroides noxius contains the toxin 
noxiustoxin, which blocks the delayed rectifier of the squid giant axon (Carbone 
et al, 1987). The mode of action of the toxin was dependent on the concentration 
applied: at concentrations less than 1-5 pM the block was voltage-independent, 
but was voltage-dependent at higher concentrations.
1.3.1.2. A-current
A transient outward current was first reported by Hagiwara et al (1961) 
in neurones of the mollusc Onchidium. It was further studied in Anisodoris 
neurones by Connor & Stevens (1971b), and Helix by Neher (1971), and was 
termed the A-current (Ik,(A)) Connor & Stevens. Their experiments showed 
that a transient current with fast activation and inactivation kinetics was evoked 
when the membrane was voltage clamped at a holding potential of approximately 
-100 mV and stepped to potentials close to the normal resting potential of -50 to 
-35 mV. The magnitude of the current increased when either the command 
potential was made more positive, or the holding potential was made more 
negative. The single channel conductance is between 15 and 20 pS (Rudy, 1988).
The greatest difference between the delayed rectifier and the A-current is 
in their kinetics: Ik(A) shows extremely fast activation (5-20 ms) upon 
depolarisation of the cell membrane, and rapidly inactivates exponentially (50- 
150 ms) during steady-state depolarisation. The A-current also differs in the 
activation threshold: it is activated at more negative membrane potentials, 
typically between -50 and -60 mV. Thus it is activated over a range of membrane 
potentials more negative than the threshold for action potential generation. 
However, there are some preparations in which the threshold for activation is 
more positive, and lies between -25 and -40 mV (Salkoff & Wyman, 1983; 
Tachibana, 1983; Giles & van Ginneken, 1985). A possible explanation for this 
phenomenon is that the inward current in these cells is carried exclusively by
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Ca^+, and therefore activation of the Ca^+ current occurs at more positive 
potentials. Thus the action potential threshold will be more positive. In all cases, 
A channels open transiently when the cell is depolarised from hyperpolarised 
potentials, opposing the depolarisation of the membrane. However, the A-current 
rapidly inactivates and the neurone can fire an action potential. The 
hyperpolarisation following the action potential removes the inactivation of the 
channels, which can open transiently; the resulting outward current slows down 
the return of the membrane potential to the spike threshold and therefore increases 
the interspike interval. The A-current regulates the frequency of repetitive firing, 
and increases the latency to the first spike (Rudy, 1988).
The A-current usually occurs in cells with the delayed rectifier and other 
K+ currents, and is present in many excitable cells including neurones of 
molluscs, crustaceans, insects, amphibians and mammals, and insect and 
mammalian muscles (see Rogawski, 1985; Rudy, 1988 for reviews).
The study of the A-current has been facilitated by the observation that in 
Drosophila the A-current appears earlier in development than either the delayed 
rectifier or the inward current (Salkoff & Wyman, 1981a). In a 72 h pupa, the A- 
current of the dorsal longitudinal flight muscle (dim) is present and has a similar 
amplitude to that found in adult muscle fibres. The inward current appears at 
approximately 84 h and the delayed rectifier at 96 h, just prior to adult eclosion. 
Thus, the A-current can be investigated in a 72 h pupa without contamination by 
other currents. The results o f this experiment initiated a detailed comparison 
(Salkoff & Wyman, 1981b) between wild-type flies and those expressing an X- 
linked mutation referred to as Shaker, so-called because under ether anaesthesia 
the legs of the fly shake. Shaker mutants of Drosophila have been central to the 
understanding of the A-cuiTent. Early experiments on the neuromuscular junction 
of larval Shaker mutants (Jan et al, 1977) showed that there was an increase in 
transmitter release due to a prolonged presynaptic Ca^+ conductance after 
stimulation of the nerve. The addition of 4-AP to a wild-type fly mimicked every
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aspect of the Shaker phenotype: prolonged Ca^+ conductance, increased 
transmitter release and leg shaking. It was therefore suggested that the mutation 
affected a K+ conductance. Salkoff & Wyman (1981b) studied various Shaker 
mutations in 72 h pupae and found that the mutations affected the kinetics of the 
A-current, and even whether it was present in the dim muscle, thereby confirming 
the observations of Jan et al (1977) that Shaker mutations affect a K.^  
conductance.
The pharmacology of the A-current is distinct from that of the delayed 
rectifier. It is less sensitive to TEA+: Neher & Lux (1972) found that 50 % block 
of Ik (V) of Helix neurones required between 5 and 12 mM TEA+, whereas to 
reduce Ik(A) by the same amount required between 20 and 80 mM. In neurones of 
Tritonia, Thompson (1977) demonstrated that 50 mM TEA+ reduced the delayed 
rectifier by 50 %, but 100 mM was required to decrease the A-current by 50 %. 
Conversely, 2 mM 4-AP blocked Ik(A)j whereas the delayed rectifier was 
unaffected by 10 mM. Unlike the effect of TEA^ on the delayed rectifier, the 
concentration of 4-AP required to block the A-current is similar throughout 
several phyla, which suggests that the molecular structure of the channel has been 
conserved (Rogawski, 1985).
1.3.1.3. Inward rectifier
Inward rectifier channels (Kjr) were first discovered in frog skeletal 
muscle by Katz (1949) and have since been found in skeletal and cardiac muscle, 
vertebrate and invertebrate neurones and the eggs of several animals (reviewed by 
Rudy, 1988). They have been most thoroughly described in frog skeletal muscle 
and the eggs of tunicates and starfish. There are two features of inward rectifier 
channels which are not shared by other channels. First, they open with a steep 
voltage-dependency upon hyperpolarisation: the currents evoked exhibit a large 
instantaneous inward cuiTent, which increases over a few hundred milliseconds to 
a steady state. Second, the voltage dependence of the channels depends on both
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the membrane potential and the external K'*' concentration. Early experiments on 
starfish eggs (Hagiwara et al, 1976) suggested that the kinetics o f the inward 
rectifier channels were dependent on the electrochemical gradient of K"*", that is, 
the difference between the membrane potential and the K+ equilibrium potential 
(Ej^-E^). However, further work on starfish eggs (Hagiwara & Yoshii, 1979) and 
frog skeletal muscle (Leech & Stanfield, 1981) showed that the kinetics were 
unaffected by the intracellular K'*' concentration, and were thus only dependent on 
the membrane potential and external K"** concentration.
Inward rectifiers can be divided into two groups based on the steepness of 
voltage gating (Hille, 1992); the mechanism of rectification appears to differ 
between the two groups. The first group of channels are steep inward rectifiers 
and includes those found in skeletal muscle, endothelial cells and eggs. The 
second group are mildly rectifying and are located in cardiac muscle. Patch clamp 
studies of guinea-pig ventricular myocytes suggested that mild rectification was 
due to a block of the open ion pore by intracellular Mg^"  ^ (Matsuda et al, 1987; 
Vandenberg, 1987): in the absence of intracellular Mg^" ,^ the l/Y  relationships of 
the cells were linear. The involvement of Mg^+ in steep rectifiers differs between 
preparations: inwardly rectifying channels of frog and human skeletal muscle are 
Mg2+-sensitive (Burton & Hutter, 1990), whereas those of endothelial cells are 
Mg2+-insensitive (Silver & DeCoursey, 1990).
The blocking capabilities of extracellular TEA+ on inward rectifiers is 
variable. The channels of frog skeletal muscle are sensitive to TEA+ (Stanfield, 
1970b; Standen & Stanfield, 1980), whereas tliose of starfish eggs (Hagiwara et 
al, 1976) and guinea-pig olfactoiy neurones (Constanti & Galvan, 1983) are not 
blocked by up to 100 mM TEA+. Cs"^  and Ba^+ are more global channel blockers: 
external Cs'*' inhibits the inward rectifier current in starfish eggs (Hagiwara et al, 
1976), frog skeletal muscle (Gay & Stanfield, 1977) and guinea-pig ventricular 
myocytes (Trube et al, 1981). Ba^+ added to the bathing solution blocks inward 
rectifier channels of starfish eggs (Hagiwara et al, 1978), frog skeletal muscle
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(Standen & Stanfield, 1978) and guinea-pig ventricular myocytes (Trube et al,
1981).
The inward rectifier contributes to the resting conductance at the 
membrane potential in several cells (Stanfield, 1970b; Johns et al, 1987). In 
cardiac cells, the inward rectifier is a major determinant of the resting potential, 
and because it is inactivated with depolarisation, it also contributes to the long 
plateau phase of the action potential (Reuter, 1984). The long duration fertilisation 
action potential in eggs, which may last for several minutes (Hagiwara & Jaffe,
1979), is thought to be due to the presence of an inward rectifier.
There are two types of inward rectifier channels in the heart (Sakmann et 
al, 1983). Those in the sino-atrial and atrio-ventricular nodes are sensitive to ACh: 
release of the neurotransmitter upon parasympathetic stimulation activates the 
channels, resulting in an increase in K+ conductance and thus a slowing of the 
heart rate. The muscarinic receptors are directly linked to the channels via a G
Iprotein, and no second messenger pathway is involved (Noma, 1986). |
Consequently, the channels are activated more slowly than a ligand-gated channel i
Isuch as the nicotinic receptor, but more quickly than a second messenger-linked it
channel. The inward rectifier channels of the atrial and ventricular muscle cells are |
insensitive to ACh, and also exhibit different kinetics to the ACh-sensitive '
channels (Sakmann et al, 1983). I
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1.3.1.4. Ca^+-dependent K+ cuiTents :
The sustained outward current evoked in many neurones during a ;
depolarising pulse comprises the voltage-dependent delayed rectifier and a Ca^+- j
dependent K+ current (iK(Ca))* This latter class of currents is activated by an j
increase in the concentration of free Ca^+ in the cytoplasm of the cell. The first I
report of a Ca^^-dependent K+ cuiTent was in Aplysia neurones, when injection of j
intracellular Ca^+ increased the K+ conductance of the cell (Meech, 1972). The |
voltage- and time-dependence of iK(Ca) will include the voltage- and time- |
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dependence of Ca^+ entry or release into the cytoplasm, although the iBK(Ca) 
current (described below) is voltage dependent at a constant intracellular free Ca^+ 
concentration. In the experiments of Meech (1972), when the cell was stepped 
from -50 mV to increasingly more positive potentials, the current-voltage (IfV) 
relationship was N-shaped, which is now accepted as a characteristic featuie of 
Ca2+-dependent currents. The amplitude of the total outward current increased 
to + 50 mV then began to decrease up to + 80  mV when it started to further 
increase. The N-shape was blocked in the presence of Ca^+-ffee saline suggesting 
that it was due to an influx of Ca^+. When these experiments were performed, the 
’late calcium channel’ of squid axons had recently been described (Baker et al, 
1971), which mediated an inward current which was maximal at + 70 mV; Meech 
(1972) proposed that the similarity between the voltage dependence of the Ca^ "^  
current in squid axons and the current of Aplysia was further evidence for the 
Ca2+-dependence of the K+ current. It is now clear that Ca^+-dependent K+ 
currents are a ubiquitous feature of cells (Rudy, 1988).
Patch clamp studies have shown that Ca^+-dependent channels can be 
divided into two main subtypes depending on their conductance: high conductance 
(BK channel; BK^^; maxi-K channel) or small conductance (SK channel; 
slow AH? K(3a). The currents passing through these channels are referred to as 
iBK(Ca) Ic) IsK(Ca) ^AHp) respectively. BK channels were originally 
found in cultured bovine chromaffin cells by Marty (1981), and have since been 
identified in rat skeletal muscle, rabbit sympathetic neurones and smooth muscle 
and toad smooth muscle (reviewed by Latorre et al, 1989). Patch clamp studies of 
Helix neurones uncovered a smaller Ca2+-dependent K*^  conductance mediated by 
SK channels (Lux et ai, 1981). SK channels are also located in rat skeletal muscle, 
mouse olfactory cells, human red blood cells and Aplysia neurones (reviewed by 
Latorre et al, 1989). In addition to conductance, these channels differ in their 
voltage dependence, Ca^+ sensitivity, kinetics and pharmacology.
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BK channels are voltage dependent (Adams et al, 1982a) and behave in a 
similar manner to the delayed rectifier channels, activating with depolarisation. 
Unlike the delayed rectifier channels however, the probability of the channel 
opening is increased by a rise in intracellular Ca2+. 1 to 10 pM intracellular free 
Ca '^*' is required for channel activation. The single channel conductance of BK 
channels is between 150 and 250 pS (Hille, 1992). SK channels are voltage 
independent (Pennefather et al, 1985), and have a much lower conductance of 4 to 
14 pS (Hille, 1992) and are activated by a lower Ca^+ concentration of 10 to 
100 nM.
The two Ca2+-dependent K^ currents can be differentiated according to 
their sensitivities to drugs and toxins. The Ca^+-dependent K"*" cuiTent of Aplysia 
neurones was shown to be comprised of two components: a large component 
which was blocked by 200 mM TEA'^, and a smaller one which was unaffected by 
200 mM TEA**" (Deitmer & Eckert, 1985). Patch clamp experiments on rabbit 
smooth muscle (Inoue et al, 1985) showed that the large conductance channel 
(BK) was blocked by OT-1 mM TEA"^, whereas the smaller conductance channel 
(SK) was insensitive to this concentration of TEA+. Similarly, there are several 
toxins present in the venoms of certain scorpions which can be used to 
differentiate between the two channel types. Kaliotoxin has been isolated from the 
venom of Androctonus mauretanicus mauretanicus and blocks BK channels of 
Helix neurones and rabbit sympathetic ganglion cells (Crest et al, 1992). BK 
channels of bovine smooth muscle are also sensitive to iberiotoxin, a toxin present 
in the venom of Buthus tamulus (Galvez et al, 1990; Giangiacomo et al, 1992). 
Charybdotoxin and scyllatoxin (leiurotoxin I) are both present in the venom of 
Leiurus quinquestriatus hebraeus; the former blocks BK channels of rat skeletal 
muscle incorporated into planar lipid bilayers (Miller et al, 1985) and bullfrog 
sympathetic ganglion cells (Goh et al, 1992). However, this toxin is not as specific 
as was originally proposed because it also blocks SK channels of Aplysia neui ones 
(Hermann & Erxleben, 1987) and bullfrog sympathetic ganglion cells (Goh et al.
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1992), and also Ca2+-independent, voltage dependent KA channels of rat brain 
synaptosomes (Schneider et al, 1989) and cultured rat dorsal root ganglion 
neurones (Schweitz et al, 1989). Scyllatoxin blocks SK channels (Goh et al, 
1992). SK channels in bullfrog sympathetic neurones (Pennefather et al, 1985) 
and rat skeletal muscle (Blatz & Magleby, 1986) can be blocked by apamin, a 
fr action o f the venom of the honey bee Apis mellifera. BK channels are insensitive 
to apamin.
Ca2+-dependent K+ channels can be blocked by Cs+ applied to either side 
of the membrane (Yellen, 1984; Smart, 1987). Intracellular Ba^^ fails to activate 
Ca2+-dependent K^ channels (Connor, 1979), as well as directly blocking the ion 
pore from either side of the membrane (Vergara & Latorre, 1983; Smart, 1987).
Due to the requirement of Ca^+ for activation of lK(Ca)> drug which 
alters the availability of Ca^+ will indirectly affect iK(Ca)- There are two ways that 
this can occur: sequestration of intracellular Ca^+, and prevention of Ca^ '*’ entry 
into the cell. Injection of Ca^+ chelators such as EGTA and BAPTA into a 
neurone will block or reduce the activation of Ip[(Ca) (Connor, 1979; Lancaster & 
Nicoll, 1987). Ca^+ channel blockers will be described in Section 1.3.2.
Following an action potential, the membrane is briefly hyperpolarised 
(afterhyperpolarisation, or AHP). In some neurones, the amplitude of the AHP 
increases as the number of evoked action potentials increases (Madison & Nicoll, 
1984; Bourque et al, 1985). The AHP is due to the activation of both types of 
Ca^^-dependent K"^  channels, which are in turn activated by the influx of Ca2+ 
during the action potential. The AHP can be divided into two components: the fast 
AHP and the slow AHP. The fast AHP lasts for 1 to 2 ms and is due to current 
flow through BK channels; it is only brief because the voltage-dependency of the 
current results in its inactivation at potentials close to the resting potential. iBK(Ca) 
contributes to the repolarisation of the neurone after an action potential (Adams et 
al, 1982a; Lancaster & Nicoll, 1987); the current hyperpolarises the membrane 
sufficiently to delay return to the action potential threshold and therefore regulates
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the frequency of the first few spikes during a depolarisation (Lancaster & Nicoll, 
1987). The slow AHP, on the other hand, is the result of current flow through SK 
channels. This current is also known as Iahp rnay be 50 to 1000 ms in 
duration. is involved in spike frequency adaptation (Madison & Nicoll,
1984; Bourque et al, 1985): during a depolarising stimulus, action potentials are 
evoked at first, but the frequency decreases until the spikes cease, even though the 
depolarising stimulus continues. This is caused by the accumulating slow AHP, 
which increases steadily during the action potentials until it is large enough to 
prevent the neurone from reaching the spike threshold.
Certain molluscan neurones called 'burster' neurones generate endogenous 
bursts of action potentials separated by quiescent periods during which the 
membrane is hyperpolarised (reviewed by Meech, 1979; Benson & Adams, 1987). 
The interburst hyperpolarisation gives way to a slow depolarisation and another 
burst of action potentials. This rhythm is due to cyclical variations in the 
concentration of intracellular free Ca '^*', which has been demonstrated by 
measuring fluctuations in Ca^^ concentration with the fluorescent Ca^'^-sensitive 
dye Arsenazo III (Thomas & Gorman, 1977). During a train of action potentials, 
Ca2 + ions enter the cell and accumulate because the rate of entry is greater than 
the rate of buffering. The concentration of Ca^+ gradually rises until the threshold 
concentration for activation of iK(Ca) is reached and the membrane is 
hyperpolarised, thus inhibiting Ca^ *^  entry into the cell. The concentration of 
intracellular Ca^+ falls, decreasing iK(Ca) allowing depolarisation leading to 
the next burst of action potentials.
Several types of cells possess a transient current activated by a rise in 
intracellular Ca^+ concentration. Bullfrog sympathetic ganglion neurones, for 
example, exhibit a transient current which is inhibited by either Ca^+ channel 
blockers or Ca^'^-free saline (MacDermott & Weight, 1982). The current could be 
blocked by external TEA^ but was unaffected by 4-AP. Hippocampal neurones 
exhibit two transient outward cunents (Zbicz & Weight, 1985). A fast transient
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current (duration 15 to 20 ms) is 4-AP-insensitive and TEA^-sensitive and is 
activated by Ca^+. This current resembled the one described by MacDermott &
Weight (1982). The slower, Ca^+-independent transient current, similar to the A- 
current, can be blocked by 4-AP but is unaffected by TEA" .^ Two transient 
currents have also been recorded in sheep cardiac Purkinje fibres (Boyett, 1981), 
one of which can be blocked by 4-AP, and the other which is Ca^'^-dependent and 
unaffected by 4-AP. Further support for the existence of two independent transient 
K+ currents has come from the work of Salkoff (1983). The transient current in 
Drosophila flight muscle is composed of two currents, one of which is Ca^+- 
sensitive. Shaker mutants, in which the Ca^^-independent A-current is defective, 
have Ca^^-dependent transient currents similar to those found in wild-type flies.
1.3.1.5. M current
The M-current (I^) was first described by Brown & Adams (1980) in 
bullfrog sympathetic neurones, and is so-called because it is sensitive to 
muscarine. It is a non-inactivating, voltage-dependent current, and is activated 
at potentials positive to -60 mV in bullfrog sympathetic ganglion cells (Brown &
Adams, 1980). It differs from the delayed rectifier conductance in having slower 
kinetics and a more negative activation threshold. Three single channel 
conductances - 7 pS, 12 pS and 19 pS - were found for M-charmels of cultured rat 
dorsal root ganglion (DRG) cells (Selyanko et al, 1992), although it was not clear 
whether this reflected three substrates of the same channel or tliree different M- 
channels. In the presence of muscarinic agonists, the M-current is reduced (Brown 
& Adams, 1980). The physiological role of the M-current is to increase the 
excitability of the neurone upon synaptic excitation and thus increase the 
likelihood of action potential propagation. The M-current is classically studied by
voltage clamping a cell more positive than the membrane potential and applying
1
hyperpolarising pulses. The slow current relaxation following the j
hyperpolarisation represents the activation of the M-current. |
I
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Experiments on a variety of preparations have shown that the M-current is 
widespread throughout vertebrate excitable cells, including rat sympathetic 
neurones, hippocampal cells, human neocortical cells, spinal motoneurones, 
N G 108-15 cells and toad smooth muscle (reviewed by Brown, 1988), There is no 
evidence for its occurrence in invertebrate cells. The M-current in bullfrog 
sympathetic neurones is insensitive to TEA'*' (10 mM) (Brown & Adams, 1980), 
although it can be blocked by Ba^+ in bullfrog sympathetic ganglion cells 
(Constanti et al, 1981) and NG108-15 mouse neuroblastoma x rat glioma hybrid 
cells (Brown & Higashida, 1988a).
The M-current is inhibited by other putative neurotransmitter substances. 
Luteinising hormone releasing hormone (LHRH) suppresses the current in 
bullfrog sympathetic ganglion neurones (Jan et al, 1979; Jones, 1987); substance P 
inhibits the current in toad smooth muscle (Sims et al, 1986) and guinea-pig 
sympathetic ganglion cells (Vanner et al, 1993); and bradykinin decreases the M- 
current in NG108-15 cells (Higashida & Brown, 1986; Brown & Higashida, 
1988b) and rat neurosecretory PC I2 cell lines (Villaroel et al, 1989).
It is likely that the inhibition of the M-current by agonists is mediated by a 
second messenger pathway, because the receptors involved, for example the 
muscarinic receptor, are G protein-linked. The involvement of a G protein has 
been demonstrated in rat sympathetic neurones (Marrion, 1987; Brown et al,
1989) by whole cell patch clamp experiments in which tlie inclusion of non- 
hydrolysable GTP analogues in the patch pipette suppressed I ^  and prevented 
recovery from subsequent muscarine-induced inhibition. However, there is some 
debate as to the second messenger pathway that is subsequently activated. It is 
unlikely that cyclic nucleotides are involved because the addition of membrane 
permeable analogues of cAMP and cGMP have no effect in bullfrog sympathetic 
neurones (Adams et al, 1982b), rat sympathetic neurones (Brown et al, 1989) or 
NG108-15 cells (Robbins et al, 1993). Biochemical experiments have shown that 
muscarine and LHRH increased PI turnover in whole bullfrog sympathetic ganglia
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(Pfaffinger et al, 1988). Ca2+ does not play a major role in M-current inhibition 
because intracellular injection of Ca^+ (Adams et al, 1982b), or exposure to a 
Ca2+ ionophore (Brown & Adams, 1987) did not inhibit the M-current. In rat 
hippocampal cells, injection of IP3 inhibited the M-current, although loading the 
cells with BAPTA or EGTA did not prevent M-current suppression by carbachol. 
However, it blocked the AHP (Dutar & Nicoll, 1988a, b). This could suggest an 
action of IP3  independent of Ca^+ mobilisation. Muscarinic agonists and LHRH 
induce Ca2+ transients in cells expressing M channels (Pfaffinger et al, 1988; 
Marrion et al, 1991), but this does not appear to be linked to M-current 
suppression: repeated application of agonist to bullfrog sympathetic neurones 
decreases the amplitude of the Ca^+ transient but has no effect on the magnitude 
of the M-current. Nevertheless, Ca2+ may have some modulatory role of the M- 
current as it has been demonstrated that a small increase in intracellular Ca2 + 
enhances the M-current, whereas a larger amount of Ca^+ inliibits it (Marrion et 
al, 1991). The experiments described above imply that the production of IP3  and 
the subsequent mobilisation of Ca7+ has little effect on M-current inhibition. 
There is evidence to suggest that the other product of PIP2  hydrolysis, DAG, may 
be involved. This comes from experiments in which stimulation of protein kinase 
C by phorbol esters inhibited the M-current (Brown & Adams, 1987; Brown et al, 
1989; Schafer et al, 1991; Marrion, 1994). Brown & Adams (1987) reported that 
the degree of M-cunent suppression by phorbol esters in bullfrog sympathetic 
neurones, however, was smaller than that produced by agonists, and that it 
developed more slowly. Moreover, although the M-current appears to be 
decreased by activation of protein kinase C, inliibitors of the enzyme do not 
prevent the inhibition of the M-cuiTent by agonists (Schafer et al, 1991; Manion, 
1994). The M-cunent of rat hippocampal cells is unaffected by phorbol esters 
(Dutar & Nicoll, 1988a, b) and only slightly decreased in NG108-15 cells 
(Robbins et al, 1993). This suggests that there could be some tissue heterogeneity 
in the mechanism of M-current inhibition and a role for protein kinase C is far
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from proven. The possibility exists that the M channels are directly modulated by 
a G protein without the activation of a second messenger pathway, in the same 
way as the ACh-sensitive inward rectifier channels of the heart, or that an as yet 
unidentified pathway is involved.
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t .3.2. currents
Since the first demonstration of Ca^+ permeability in crustacean muscle 
fibres (Fatt & Katz, 1953), experiments have shown that voltage-dependent Ca^^ 
channels are a ubiquitous feature of all excitable cells, both vertebrate and 
invertebrate (reviewed by Hagiwara & Byerly, 1981). Because Ca^+ channels 
inactivate more slowly than Na+ channels, they can generate a more maintained 
inward cuiTent during prolonged depolarisations. An influx of Ca2+ across the cell 
membrane triggers the release of neurotransmitter from presynaptic terminals, 
controls bursting in rhythmically active cells and shapes the action potentials 
produced in muscle and neurones. Ca^+ ions are also a key requirement in the 
excitation-contraction coupling of muscle. In many invertebrate muscles - 
crustacean, insect and molluscan (reviewed by Hagiwara & Byerly, 1981) - Ca^+ 
carries the inward current of the action potential, unlike squid axon and frog 
skeletal muscle.
In biophysical studies of Ca^+ channels, Ca^+ ions are often replaced by 
Ba2 + because they carry current tlirough Ca^^ channels and also block K+ 
channels, enabling currents through Ca^+ chamiels to be observed more readily. A 
feature of Ca^+ channels is Ca^+-dependent inactivation, in which a rise in the 
concentration of intracellular free Ca^+ results in a decrease in the amplitude of 
the Ca2+ current (Brehm & Eckert, 1978; Tillotson, 1979). Substituting Ba^+ for 
Ca2+ decreases the inactivation of the Ca^+ current (Brehm & Eckert, 1978; 
Tillotson, 1979; Eckert & Tillotson, 1981). Evidently, although Ba^+ ions behave 
in a similar manner to Ca^+ in being able to pass through Ca^+ channels, they are 
relatively ineffective in stimulating the inactivation process.
All Ca^+ chaimels open upon depolarisation after a delay. However, Ca^ "*" 
channels differ in their kinetics, voltage dependency, ionic selectivity, single 
channel conductance and pharmacology. One method of classification is 
according to the voltage dependence of activation. Channels which are activated at 
membrane potentials positive to -50 mV are referred to as low voltage activated
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(LVA) channels (Carbone & Swandulla, 1989). LVA channels inactivate rapidly; 
inactivation is complete within 1 0 0  ms, and is voltage-dependent and Ca^ "**- 
independent (Carbone & Lux, 1988). High voltage activated (HVA) channels are 
activated at membrane potentials positive to -10 mV (Carbone & Swandulla, 
1989). Inactivation is less pronounced, and is both voltage- and Ca^+-dependent 
(Brown et al, 1981; Gutnick et al, 1989).
An alternative classification scheme divides Ca2+ channels into L-, T-, N- 
and P-type channels; the properties of these Ca^+ channels are summarised in 
Table 1.4. A fifth type of channel, named Q-type, has been identified using 
molecular biology techniques (reviewed by Zhang et al, 1993; Tsien et al, 1995). 
Q-type Ca '^*' channels are expressed predominantly in the nerve terminals of the 
mammalian CNS.
1.3.2.1. L-type Ca^+ channels
L-type channels (/arge conductance (25 pS), long lasting) are slowly 
inactivating HVA channels which are activated by depolarising pulses to 
potentials positive to -10 mV (Nowycky et al, 1985). They are not inactivated at 
holding potentials as positive as 0 mV. The current carried by Ba^^ through L- 
type channels is larger than that carried by Ca2+ (Fox et al, 1987). They are the 
most extensively studied Ca '^*' channel, and are widely distributed, particularly in 
cardiac, smooth and skeletal muscle. In cardiac cells, L-type Ca^+ channels are 
involved in both the propagation of electrical impulses and in the initiation of 
contraction; in smooth muscle, they are involved in tension development, and in 
skeletal muscle they are necessary for excitation-contraction coupling (Hofmann 
et al, 1994). L-type channels are not involved in neurotransmitter release 
(Hofmann et al, 1994).
A group of organic dmgs which have been used as diagnostic agents for L- 
type channels are dihydropyridines (DHPs). These include the channel blockers 
nifedipine and nitrendipine, and the channel activator Bay K 8644. L-type
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channels are also sensitive to phenylalkylamines (e.g. verapamil and D600) and 
benzothiazepines (e.g. diltiazem) (reviewed by Spedding & Paoletti, 1992). All 
Ca2 + channels are blocked by millimolar concentrations of polyvalent metal ions, 
such as the transition metals (NP'*', Cd '^*', Co^+ and Mn^ "*") and La^+. However, 
when the metal ions are applied at micromolar concentrations, there is some 
selectivity between channel types: L- and N-type channels are blocked by 20- 
50 pM Cd^+, whereas T-type channels are unaffected (Fox et al, 1987).
1.3.2.2. T-type Ca '^*' channels
T-type channels (transient, dny conductance: 8  pS) are LVA channels, and 
open transiently upon depolarising pulses from a holding potential more negative 
than -100 mV to command potentials positive to -50 mV (Nowycky et al, 1985). 
They are inactivated at holding potentials more positive than -80 mV. The Ba^+ 
current tlirough T-type channels is the same amplitude as the Ca2+ current (Nilius 
et al, 1985; Fox et al, 1987). T-type channels are located in a number of tissues 
and are concentrated in the sino-atrial node (Hagiwara et al, 1988) and ventricles 
(Nilius et al, 1985) of the heart, as well as in smooth muscle (Loirand et al, 1989) 
and neurones (Nowycky et al, 1985), and have been proposed to be involved in 
burst formation (Hagiwara et al, 1988; Tsien et al, 1988; Huguenard & Prince, 
1992).
There are no higlily selective T-type channel blockers. Micromolar Ni2+ 
blocks T-type channels but is less effective at L- and N-type channels (Fox et al
1987). Flunarizine has also been found to block T-type channels in rat 
hippocampal neurones (Takahashi & Akaike, 1991), although it also blocks N- 
type channels in the same tissue (Tytgat et al, 1991). U-92032 has been suggested 
as a possible specific T-type channel blocker as it blocked T-type channels in 
guinea-pig atrial cells without affecting L-type channels (Xu & Lee, 1994).
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1.3.2.3. N-type Ca^+ channels 
HVA channels which are inactivated at holding potentials positive to
-100 mV and require larger depolarising pulses for activation than T-type channels 
(activation threshold -20 mV) are termed N-type Ca^^ channels («either T- nor L- 
type; neuronal) (No^vycky et al, 1985). N-type channels are similar to L-type 
channels in that they are activated by large depolarisations, but also resemble T- 
type channels because they are inactivated at holding potentials more negative 
than -80 mV and rapidly inactivate during a depolarising pulse (Nowycky et al,
1985). However, the single channel conductance of N-type channels (13 pS) is 
larger than the conductance of T-type channels. Ba^+ ions carry more charge 
through N-type channels than Ca^^ (Fox et al, 1987). N-type channels appear to 
be almost completely restricted to neurones and play a major role in 
neurotransmitter release (Tsien et al, 1988). I
IN-type Ca2+ channels can be identified due to their sensitivity to a toxin |
!from the venom of the marine snail Conus geographus called co-conotoxin GVIA
(CTX); there are reports of this toxin also blocking L-type Ca2+ channels of j
]sympathetic neurones (Fox et al, 1987; Himing et al, 1988), but N-type channels ÏI
can be distinguished by their insensitivity to DHPs. |
1.3.2.4. P-type Ca '^*' channels
iThe existence of a fourth, P-type (Purkinje cell), HVA channel in guinea- i
pig cerebellar Pui’kinje cells and squid giant synapses was proposed by Llinas et al |
(1989) on the basis that the channels were insensitive to agents that block L-and j
N-type channels, but could be blocked by venom from the funnel web spider, I
Agelenopsis aperta, called FTX (Llinas et al, 1989). P-type channels are activated j
iat potentials positive to -15 mV (Uchitel & Protti, 1994), and have a single |
channel conductance of 10 to 12 pS (Spedding & Paoletti, 1992). The current j
carried by Ba2+ through P-type channels is larger than that carried by Ca^^ |
(Uchitel & Protti, 1994). i
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Polyclonal antibody studies have shovm that P-type channels are 
distributed widely throughout the mammalian CNS, for example in the dendrites 
and axon terminals of Purkinje cells, and in the hippocampus, neocortex, olfactory 
bulb, thalamus and medulla (Llinas et al, 1992). The original work of Llinas and 
colleagues (Llinas et al, 1989) demonstrated that neurotransmitter release from 
squid axons was mediated by these channels, and it is now thought that they play 
a large part in neurotransmitter release throughout the CNS and peripheral nervous 
system (Uchitel & Protti, 1994).
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1.4. LOCUST FLIGHT
The experiments described in this thesis were performed on the first 
basalar motoneurone of the locust mesothoracic ganglion. This motoneurone 
receives excitatory input from the forewing stretch receptor, and innervates one of 
the principal wing depressor muscles. To enable the reader to put the current work 
into a neuroethological context, the remainder of this introductory section is a 
brief overview of locust flight and the effect of sensory input from the wing hinge 
stretch receptors on the motor rhythm.
The locust possesses two pairs of wings: the forewings are attached to the 
mesothoracic segment, and the hindwings to the metathoracic segment. Each 
thoracic segment contains all the muscles and motoneurones involved in 
generating the movement of the wings in that segment. During firee flight, the 
wingbeat frequency is approximately 23 Hz (Baker et al, 1981). A detailed study 
of the mechanics of the flying locust was canied out in the early 1960s by Wilson 
& Weis-Fogh (1962). Throughout the flight cycle, the wings aie rotated so that the 
leading edge cuts through the air: during the downstroke the wing is pronated 
(leading edge held downwards), and during the upstroke it is supinated (leading 
edge upwards). Lift and thrust are produced mainly during the downstroke, and 
are maximal halfway through the downstroke.
Supination of the wing is caused simply by passive elastic forces and is not 
under muscular control (Wilson & Weis-Fogh, 1962); the muscles responsible for 
the upstroke of the wing aie purely elevators. However, three of the wing 
depressor muscles - the first basalar and second basalar muscles, and the subalar 
muscle - control pronation of the wing during the downstroke. The subalar muscle 
produces supination o f the wing during the downstroke, and counteracts the 
pronation caused by the two basalar muscles; it is not involved in supination of 
the wing during the upstroke. It also controls the wing twist imposed by changes 
in the orientation of the body during flight (Wilson & Weis-Fogh, 1962).
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Flight muscles can be divided into three main groups: dorso-ventral 
elevators, dorsal longitudinal depressors and dorso-ventral depressors. The latter 
group includes the basalar and the subalar muscles, and are responsible for 
producing the powerful downstroke (Wilson & Weis-Fogh, 1962).
There are forty excitatory motoneurones located in the mesothoracic 
ganglion of the locust that are involved in flight (Bentley, 1970). The axons of the 
motoneurones exit the ganglion thi'ough ipsilateral nerve roots; the somata of 
motoneurones whose axons exit through the same nerve root are grouped together. 
In addition, the somata of motoneurones which innervate the same muscle are 
grouped together. The position of a soma in the ganglion reflects the approximate 
position in the thorax of the muscle which it innervates: somata located in the 
anterior of the ganglion generally innervate muscles in the anterior region of the 
thorax, those in the posterior of the ganglion drive muscles in the posterior of the 
thorax, those on the midline drive the midline muscles and the more lateral somata 
innervate more lateral muscles (Bentley, 1970).
The locust flight system was one of the first in which it was demonstrated 
that sensory feedback was unnecessary for generating the basic rhythm underlying 
a behaviour (Wilson, 1961). However, although the rhytlimic activity was present, 
the wingbeat frequency was reduced by approximately 50 %, implying that 
sensory input is necessary to produce normal flight. An important source of such 
information is the wing hinge stretch receptor (Gettrup, 1962), located at the base 
of each wing. The stretch receptor sensory neurones exhibit extensive arborisation 
in the ipsilateral halves of the thoracic ganglia (Burrows, 1975; Altman & Tyrer, 
1977). The forewing stretch receptor branches in the mesothoracic ganglion and 
extends into both the prothoracic and metathoracic ganglia; the hindwing stretch 
receptor branches in the metathoracic ganglion and sends a process into the 
mesothoracic ganglion. Both send fine axons into the abdominal ganglia (Altman 
& Tyrer, 1977).
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The original work by Gettrup (1962) demonstrated that the stretch receptor 
responds to elevation of the wing with a train of action potentials, the intensity of 
which was dependent on the extent of wing elevation. When the upward 
movement ceased, the stretch receptor slowly adapted to a tonic frequency 
corresponding to the position of the wing. The activity of the neurone halted when 
the wing was lowered. If the stretch receptor was destroyed, the flight rhythm was 
drastically reduced, which suggested that the stretch receptors were part of a 
peripheral feedback system which played an important part in the control of the 
flight rhythm.
Experiments to try to elucidate the function of the stretch receptors 
suggested that they provided a tonic influence to increase the average flight 
frequency (Wilson & Gettrup, 1963). This conclusion was reached on the 
observation that stimulation of the stretch receptors did not influence the flight 
rhythm on a cycle by cycle basis; rather stimulation of the stretch receptors led to 
a slow increase in the flight frequency. Several years later, it was demonstrated 
that manually moving a wing up and down could reset the flight rhythm within a 
few wingbeats if the stimulating frequency was close to that of the previous 
rhythm (Wendler, 1974). A detailed study of the connections made between the 
stretch receptor and flight motoneurones of the locust was carried out by Burrows 
(1975). He found that an action potential in the forewing stretch receptor evoked 
an epsp in the ipsilateral mesothoracic depressor motoneurones (including the first 
basalar motoneurone) and an ipsp in the elevator motoneurones, and proposed that 
the excitatory connections were monosynaptic due to the short latency (the latency 
of the epsp was 1 ms, whereas that of the ipsp was 4-6 ms). The hindwing stretch 
receptor projected onto the metathoracic ganglion motoneurones in a similar 
manner. There were no connections of either stretch receptor with contralateral 
motoneurones, although interganglionic connections did exist. Thus the stretch 
receptors and flight motoneurones form a resistance reflex, in which elevation of
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the wing excites the stretch receptor, which inhibits the elevator motoneurones 
and excites the depressor motoneurones, thereby reinforcing the wing downstroke.
The work of Wendler (1974) and Burrows (1975) described above cast 
some doubt on the theory of Wilson & Gettrup (1963) that the stretch receptors 
provided only a tonic influence on the flight rhythm. The experiments performed 
by Pearson and colleagues (Pearson et al, 1983; Reye & Pearson, 1987) proved 
conclusively that this was not the case and the stretch receptors are indeed 
involved in flight rhythm generation on a cycle by cycle basis. If the stretch 
receptor neurone was stimulated close to the onset of depressor motoneurone 
activity, the flight rhythm could be reset; however, there was no effect if the 
stimulus was presented in the period between the bursts. The flight rhythm could 
be entrained if the stretch receptor was stimulated at a constant rate close to the 
wingbeat frequency. In addition, if the stretch receptor was stimulated at the same 
time as the depressor motoneurones were spiking, the flight rhythm frequency 
increased and the period of flight activity was prolonged; thus the influence 
exerted upon the flight central pattern generator is phase-dependent.
The intemeurones involved in flight rhythm generation are located in the 
three thoracic ganglia and the first three abdominal ganglia, which are fused with 
the metathoracic ganglion (Robertson & Pearson, 1983). Rather than the 
forewings and hindwings being under the control of separate rhythm generators, 
the interneurones all form one pattern generator. It has been proposed that the 
flight pattern is produced by the oscillatory properties of the circuit rather than 
due to endogenously oscillating neurones: there is evidence that the circuitry 
between two intemeurones, 301 and 501, comprises delayed excitation and 
feedback inhibition (Robertson & Pearson, 1985) and is capable of producing 
oscillatory activity. Recent experiments have shown, however, that at least some 
flight intemeurones have the ability to generate plateau potentials in the presence 
of octopamine (Ramirez & Pearson, 1991a, b). The connectivity between the 
intemeurones in the pattern generator and other neurones is complex; for example.
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intemeurone 511 is involved in elevation of the wing, and in addition to inhibiting 
depressor motoneurones, it also inhibits excitatory premotor intemeurones to 
depressor motoneurones and disinhibits elevator motoneurones (Robertson, 1986).
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1.f>. THESIS IN CONTEXT
A major reason for the study of insects as a group is that they are the most 
successful group of animals in the world: there are more species in the class 
Insecta than the rest of the Animal Kingdom put together. Insects are essentially 
terrestrial animals and occupy every environmental niche on land, but they are 
also found in aquatic environments. Insects were the first animals to develop 
flight, and this feature has contributed greatly to their present day success, 
enabling them to escape predators, and find food and better environmental 
conditions.
Many studies of insects are directed to their control: although many insects 
are useful to man in that they pollinate important food crops, they are also highly 
destructive, and attack crops, forests and timber buildings, causing social and 
economic hardship. However, because of their simplicity compared to higher 
animals, insects can also be used to study fundamental physiological principles. In 
addition, insects are a phylogenetically ancient class of animal, and by examining 
their physiology, a comparison can be made with higher animals to investigate 
how the latter have evolved.
There are several advantages to the use of insects in neurobiology research. 
The main advantage is that the nervous system is relatively simple, containing 
large neurones which are easily identifiable and accessible for microelectrode 
studies. Insects are also ideal for the study of neural bases of behaviour such as 
flight and walking, because the neurones involved can be uniquely identified and 
their roles in the behaviour examined.
Information on cholinergic receptors with muscarinic properties in the 
insect CNS is sparse. Although the existence of muscarinic ligand binding sites in 
the insect CNS has been known about for almost two decades, 
electrophysiological evidence for functional postsynaptic 'muscarinic' receptors 
was not provided until several years later. Furthermore, a physiological role for 
such receptors has only been suggested in the last few years. The effects of
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muscarinic receptor activation are more complex and subtle than those of nicotinic 
receptor activation, which has made the effects more elusive, but renders them 
potentially extremely interesting. The work described here was therefore carried 
out to investigate the pharmacology and function of a population of 'muscarinic' 
receptors on an identified motoneurone of the locust, Schistocerca gregaria. The 
soma of this motoneurone provides a readily accessible and identifiable 
preparation to investigate these receptors. The motoneurone innervates a major 
flight muscle, and therefore the receptors could be involved in long-term 
cholinergic modulation o f the flight rhythm.
The aims of this thesis were:
1 . to examine the pharmacology of a population of a-bungarotoxin-resistant 
cholinergic receptors on the first basalar motoneurone of the locust, 
Schistocerca gregaria, both in current- and voltage-clamp,
2 . to investigate the mechanism by which receptor activation results in the 
production of a current,
3. to determine the ionic basis of the evoked current, and
4. to identify the possible physiological role of these receptors in the locust CNS.
CHAPTER 2 
Materials and Methods
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2. MATERIALS AND METHODS
2.1. ANIMAI .S: MAINTENANCE AND DISSECTION
Maie Schistocerca gregaria were obtained from a laboratory colony 
provided with a diet of fresh barley shoots and bran. When necessary the colony 
was supplemented with animals from Blades Biological (Kent). Only males were 
used for experiments to ensure that the colony was maintained and to avoid any 
effects of sexual dimorphism.
The animals were killed by decapitation and pinned ventral surface 
upwards on a Sylgard dish. The cuticle covering the thorax was removed, 
revealing the three thoracic ganglia below. They were dissected out into normal 
locust saline (see Appendix I). Dissections were carried out under a Nikon 
binocular microscope (magnification 8 X - 45X).
The nerve cord was attached to a small Perspex preparation slide (10 x 
19 mm; see Figure 2.1) using two small silicone elastic bands, with the 
mesothoracic ganglion, ventral surface uppermost, positioned over the Araldite 
ridge of the slide. A drop of 4 % Methylene Blue was applied with a fine 
hypodermic needle to the surface of the mesothoracic ganglion in order to 
visualise the neural sheath before it was mechanically removed with a pair of 
sharpened watchmakers' forceps. The slide was immediately placed in the saline- 
filled Perspex experimental chamber.
One set of experiments was conducted on isolated cell bodies; for this, the 
axon was severed close to the cell body with a pair of fine scissors (Fine Science 
Tools; U.K. agents Interfocus Ltd., Withersfield, Suffolk).
2.2. ET.ECTROPHYSIOLOGY
2.2.1. Experimental Chamber
The experimental chamber was constructed from a block of Perspex (81 x 
25 X  36 mm) and had a volume of 2.5 ml (see Figure 2.2). Pure oxygen (BOG)
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Figure 2.1. The preparation slide showing the front (A) and side (B) views. The 
nerve cord was positioned on the slide in such a way that the mesothoracic 
ganglion lay on the Araldite ridge. Silicone elastic bands were used to secure the 
nerve cord in position. (Figure adapted from Nightingale, 1988).
Plastic bands
B
Araldite ridge
■H
1 0  mm 19 mm
Figure 2.2. The experimental chamber showing the left (A), front (B) and right 
(C) side views. The areas containing saline are shown with 'stippling'. Saline 
enters the right hand compartment under gravity and is circulated throughout the 
chamber by means of bubbling oxygen into the right hand compartment. The 
arrow shows the direction of circulation. The site of addition of pharmacological 
agents is shown by the asterisks in (B) and (C). (Figure adapted from Nightingale,
1988).
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was bubbled through a narrow tube into the right hand compartment; this 
maintained the viability of the preparation and circulated the saline in an 
anticlockwise direction. Saline was added to this compartment, and the bath 
volume was kept constant by continuous surface suction from the left hand 
compartment.
The bath electrodes were positioned in the left hand compartment of the 
chamber. In the majority of experiments, a flat tip probe containing a silver-silver 
chloride amalgam (Clark Electromedical Instruments) was used. In the remaining 
experiments, the electrodes were made from 1 mm silver wire, hammered flat ( 2  
to 3 mm wide) to increase the conducting surface area. They were electrolytically 
coated with chloride using 1 M potassium chloride and a 9 V battery. This 
prevented electrical polarisation of the electrodes and hence allowed the recording 
of stable potentials.
All dmgs were applied in a single aliquot (25pi) to the right hand 
compartment of the experimental chamber, and concentrations referred to in the 
text are final bath concentrations. Drugs were dissolved in normal saline. Drugs 
used are listed in Appendix 11.
2.2.2. Illummation
A laboratory-built lamp (12 V, 55 W halogen bulb) was positioned outside 
the Faraday cage so that the light reflected off a mirror inside the cage. The beam 
was focused onto the preparation by a convex lens which could be moved in two 
planes. A Nikon binocular microscope could be swung in front of the 
experimental chamber and the illuminated preparation viewed horizontally 
through the glass fr ont of the chamber at magnifications between 16X and 8 OX.
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2.2.3. Intracellular Recording
2.2.3.1. Microelectrodes
Microelectrodes were drawn from thick-walled filament glass (Clark 
Electromedical Instruments) (internal diameter 0.86 mm) using either a Narishige 
type puller or a Kopf Vertical Pipette type puller. For the majority of experiments, 
the microelectrodes were filled routinely with 2 M potassium acetate (KAc), and 
had a resistance of 15 to 20 MQ. When the neurone was to be injected with 
Lucifer Yellow after the experiment (see Section 2.5 for protocol), the tip was 
filled with 2.5 % Lucifer Yellow (made up in 1.5 M lithium acetate) and the shaft 
filled with 1 M lithium chloride. The resistance was 20 to 25 MQ. Some 
experiments required that BAPTA be injected into the cell: the tip was filled with 
100 mM BAPTA and the shaft with 2 M KAc. For other experiments in which K+ 
channels were blocked, microelectrodes were filled with either 1 or 2 M CsCl. The 
microelectrodes were positioned in the bath using a pair of Prior 
micromanipulators fitted with reduction drives in two orthogonal planes. The 
recording microelectrode was connected to an amplifier headstage via a screened 
cable connected to an earth point on the base-plate. The headstage was attached 
outside the Faraday cage to a laboratory-made intracellular recording 
amplifier/bridge system.
2.2.3.2. Impalement
The recording microelectrode was lowered onto the surface of the cell until 
a slight depression was observed in the cell surface, and a small deflection was 
seen in the oscilloscope signal. A succession of approximately 100 nA, 30 ms 
hyperpolarising current pulses were applied to the microelectrode to facilitate 
impalement. To impale the cell with a second microelectrode, hyperpolarising 
current pulses (approximately 150 nA, 10 ms) were applied to this microelectrode 
while monitoring the membrane potential with the first microelectrode.
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Penetration was marked by a large hyperpolarisation of the cell caused by the 
current pulse.
2.2.3.3. Pressure application
Thin-walled filament glass (internal diameter 1 mm) was used to make the 
agonist-containing microelectrodes for the pressure-application experiments. The 
pressure-microelectrode was filled with a solution of 10"2 M acetylcholine 
containing 0 . 0 2  % fast green to visualise the agonist when it was applied to the 
cell. To facilitate the expulsion of the agonist, the tip of the microelectrode was 
broken off by carefully touching the specimen slide. A 'puff of agonist, 200 to 
300 ms in duration was applied to the cell body of the motoneurone once every 
two minutes, using a garden spray unit (Killaspray Courier 8 ) to generate a 
pressure of 20 psi. Pressure pulses were applied using a Picospritzer 11 (General 
Valve Corporation) driven by a Grass S44 stimulator (100 ms, 15 V) thi'ough a 
laboratory-made relay switch. A block diagram for this experiment is shown in 
Appendix 111.
2.2.3.4. Input resistance
This experiment was carried out in two-microelectrode current clamp, and 
the block diagram is shown in Appendix IV. An earthed brass shield was 
positioned between the recording and current microelectrodes prior to impalement 
to reduce capacitative coupling. The input resistance of the neurone was measured 
by injecting current pulses into the cell with one microelectrode of sufficient 
magnitude to hyperpolarise it by 10 mV (500 ms pulses) The amplitude of the 
applied current was measured by a current monitor and displayed on the second 
oscilloscope channel. Current pulses were applied by a Grass S44 stimulator, 
through a Grass stimulus isolation unit (SlU) and an amplifier/bridge.
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The input resistance is calculated from Ohm's Law as follows:
input resistance (MQ)= voltage deflection fVl = membrane potential change (V^
applied current (A) applied current (A)
2.2.3.5. Spike threshold
A block diagram representing the equipment used in this experiment is 
illustrated in Appendix V. A Grass S44 stimulator and a Servomex Waveform 
Generator (Type L.F. 141) were used to apply a ramp depolarisation to the 
neurone in two-microelectrode current clamp, and the membrane potential at 
which one or more axonal action potentials were evoked was measured. The 
current was measured by a current monitor and displayed on the second
oscilloscope channel. This was repeated four times before and during the
application of agonist, and after washing the drug off to obtain a mean value.
2.2.3.6 . Voltage clamp
The current microelectrode was connected to a second amplifier headstage 
by a driven shield cable to reduce capacitance in the cable. The output from the 
voltage amplifier was fed directly to the (laboratory-made) voltage-clamp 
amplifier, and the output from the voltage-clamp amplifier was fed to the current 
microelectrode. A switch on the second amplifier (record/stimulate) converted the 
circuit from 'current clamp’ to 'voltage clamp'. Command potentials were 
generated by a Grass S44 stimulator, through a Grass stimulus isolation unit (SIU) 
into the voltage-clamp amplifier. After switching the circuit to 'voltage clamp', the 
gain of the voltage clamp amplifier was increased so that the command potential 
was rapidly attained and maintained throughout tire voltage step. Current was 
measured using a current monitor and displayed on the second oscilloscope
channel. The block diagram is shown in Appendix VI.
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2.2.4. DATA CAPTURE AND GRAPHS
Both current and voltage responses were displayed on a Tektronix 5103N 
Dual Beam Storage Oscilloscope. For the pressure application and input resistance 
experiments, the membrane potential was continually recorded directly onto a JJ 
Instruments pen recorder. In the spike threshold current clamp experiments and 
the voltage clamp experiments, responses were recorded on FM tape (AMPEX) 
using a RACAL Store 4DS recorder. After an experiment, data were replayed and 
displayed on the oscilloscope screen, enabling the spike threshold or the amplitude 
of the currents to be measured. Hard copies were produced by playback onto a 
Gould 1604 Oscilloscope and printed with a Gould Colorwriter 6120.
2.4. STATISTICS
Statistical analysis was carried out on the data investigating the effect of 
McN-A-343 on the input resistance and spike threshold of the motoneurone. 
Minitab (PC) was used to perform a t-test for two independent samples.
The membrane potential, input resistance and cuiTent amplitudes are 
expressed as the mean ± S.E.M. where appropriate.
2.5. NEURONE IDENTTFTCATTON
The cell body of the first basalar motoneurone is relatively large, paired 
and situated near the midline of the ventral surface of the mesothoracic ganglion. 
It was identified visually prior to impalement, and could be confirmed as the 
correct cell by injecting with the fluorescent dye Lucifer Yellow at the end of an 
experiment. Hyperpolarising current pulses (100 nA, 500 ms, 1 Hz) were applied 
for approximately 20 min to inject the dye into the cell. The preparation was then 
transferred to 5 % formalin for 15 min to prevent leaching of the Lucifer Yellow, 
before dehydration through an ascending alcohol series (70, 90, 95, 100, 100 % 
ethanol; 10 min each) and clearing in methyl salicylate. The preparation was 
mounted temporarily in methyl salicylate on a cavity slide and viewed with a
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fluorescence microscope (Zeiss) using a 495 nm filter. The mesothoracic ganglion 
was photographed with Fujichrome 400 slide film using an Olympus OM-2 
camera back; the film was developed commercially. Figure 2.3a is a photograph 
of the mesothoracic ganglion after injecting the right first basalar motoneurone 
with Lucifer Yellow. The axon extends through the neuropil and leaves the 
ganglion through ipsiiateral nerve 3 (N3). The neurone arborises extensively in the 
neuropil ipsiiateral to its axon.
After injection of the first basalar motoneurone with Lucifer Yellow, the 
preparation can be counterstained with Toluidine Blue (see Appendix VII for 
composition) to stain other cell bodies of the ganglia. This allows unique 
identification of BAl according to its position relative to the other somata in the 
mesothoracic ganglion. The preparation was rehydrated through a descending 
alcohol series (100, 100, 95, 90, 70 % ethanol; 10 min each) and transferred from 
70%  ethanol to Toluidine Blue stain. After 15 minutes the preparation was 
transferred to Bodian's fixative (see Appendix VII for composition) until the cells 
could be seen clearly under a binocular microscope. This usually took 10-15 
minutes depending on the age of the stain. The tissue was dehydrated through an 
ascending alcohol series (70, 90, 95, 100, 100% ethanol; 10 min each) and cleared 
in methyl benzoate. The preparation was mounted temporarily in methyl benzoate 
on a cavity slide and photographed as above. A photograph of a Toluidine Blue- 
stained mesothoracic ganglion is shown in Figure 2.3b (different preparation to 
Figure 2.3a). The cell bodies of the ventral surface of the ganglion are arranged in 
three groups: two bilaterally symmetrical clusters at the anterior end (top in 
photograph) of the ganglion, and in a third group extending distally from the 
posterior region of the midline. The first basalar motoneurones (only one has been 
injected with Lucifer Yellow here) lie on the caudal margin of the anterior groups 
of cells, close to the midline of the ganglion. Each motoneurone soma is 
approximately 50 pm in diameter. The large, unstained area of the ganglion 
contains neuropil and nerve tracts rather than cell bodies.
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Figure 2.3a. The ventral surface of the mesothoracic ganglion, shovying the first 
basalar motoneurone after injection with Lucifer Yellow. The cell body lies close 
to the midline of the ganglion; it is out of focus in this photograph because it is not 
in the same plane as the axon. The axon extends through the neuropil and leaves 
the ganglion through ipsiiateral nerve 3.
Figure 2.3b. The ventral surface of the mesothoracic ganglion after staining with 
Toluidine Blue. The first basalar motoneurone has been injected with Lucifer 
Yellow and its position in the ganglion relative to the other cell bodies can be 
determined. It lies on the periphery of the anterior group of somata, close to the 
midline of the ganglion. The diameter of the cell is approximately 50pm. The 
large, unstained area o f the ganglion contains neuropil rather than cell bodies.
The anterior region of each ganglion is at the top of the figures.
Scale bar: 200 pm
_
CHAPTER 3
Current clamp study of the pharmacology of a- 
BTX-resistant cholinergic receptors on the first 
basalar motoneurone and their possible 
physiological role
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3.1. INTRODUCTION
ACh is a major excitatory neurotransmitter in the insect CNS (Pitman, 
1985; Sattelle, 1985). The majority of insect cholinergic receptors are nicotinic, in 
contrast to the vertebrate CNS, where most cholinergic receptors have a 
muscarinic pharmacology (Ben-Barak & Dudai, 1979; Salvatena & Foders, 
1979). It is becoming apparent from work on Manduca (Trimmer & Weeks,
1989), locust (Baines & Bacon, 1994) and cockroach (David & Pitman, 1990; 
Lapied & Hue, 1991; Harrow & Sattelle, 1983), however, that nicotinic and 
muscarinic receptors can be colocalised on the same neurone. There is evidence to 
suggest that these muscarinic receptors modulate the excitability of the neurone 
(Trimmer & Weeks, 1989, 1993; Le Corronc & Hue, 1993; Baines & Bacon, 
1994), thereby increasing the probability that a nicotinic receptor-mediated 
depolarisation will result in the propagation of an action potential.
In vertebrates, muscarinic cholinergic receptors can be grouped into 
subtypes according to their pharmacology. This was first proposed by Hammer et 
al (1980) on the basis that muscarinic receptors in rat brain could be blocked by 
pirenzepine (classed as M | receptors), whereas those located in the peripheral 
tissues were insensitive to the drug (M2  receptors). It soon became apparent that 
the pirenzepine-insensitive receptors were not a homogeneous group and could be 
further classified according to their sensitivities to particular antagonists. Those in 
the heart could be blocked by AF-DX 116 (Giachetti et al, 1986) and 
methoctramine (Melchiorre et al, 1987), whereas those in smooth muscle were 
blocked by 4-DAMP (Barlow et al, 1976), HHSiD and p-F-HHSiD (Lambrecht et 
al, 1989). These three receptor subtypes were teiTned M^ (brain), M2  (cardiac) and 
M3 (smooth muscle).
These antagonists were designed for vertebrate muscarinic receptors, but 
studies have demonstrated that they also show some selectivity for insect 
muscarinic receptors, although they are less specific. Pirenzepine-sensitive
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muscarinic receptors have been found on isolated locust neurones (Benson, 1992), 
motoneurone Df of the cockroach (David & Pitman, 1993a), PPR motoneurone of 
Manduca (Trimmer & Weeks, 1993) and cockroach giant interneurones (Le 
Corronc & Hue, 1993). However, HHSiD and methoctramine also decrease the 
response to exogenously applied ACh in motoneurone Df, but are less effective 
(David & Pitman, 1993a). HHSiD and 4-DAMP have similar potencies to 
pirenzepine in isolated locust neurones (Benson, 1992), whereas methoctramine 
has virtually no effect. There is a binding site in the brains of honey bee, housefly 
and cockroach with a relatively low affinity for pirenzepine and AF-DX 116 
compared with 4-DAMP (Abdallah et al, 1991). 4-DAMP and methoctramine 
have no effect on the muscarinic receptor-mediated depolarisation of cockroach 
giant intemeurones (Le Corronc & Hue, 1993); these antagonists, as well as 
HHSiD and AF-DX 116, were weak antagonists at the muscarinic receptors of 
PPR motoneurone (Trimmer & Weeks, 1993).
a-BTX blocks most, but not all, of the response of the first basalar 
motoneurone to exogenous ACh (Leitch et al, 1993). The experiments presented 
here were performed to investigate this a-BTX-resistant component: the effects of 
muscarinic antagonists on the ACh-mediated depolarisation of the neurone were 
studied to determine whether the receptors have a muscarinic pharmacology; and 
the effect of the vertebrate M^ subtype-selective agonist McN-A-343 on the input 
resistance and spike threshold of the neurone was investigated to examine whether 
these receptors can modulate the excitability of the motoneurone.
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3.2. RESULTS
The resting membrane potential of the first basalar motoneurone was 
generally between -50 and -60 mV, measured 15 min after impalement. The mean 
value of the resting potential was -54 0 mV (S.E.M. ± 0 93 mV, n=25). The input 
resistance of the neurone was measured in two-electrode current clamp: current 
was injected with one electrode to hyperpolarise the membrane by 10 mV, and the 
deflection of the membrane potential monitored with the second electrode. The 
input resistance varied between 3 and 10 MQ; the mean value was 4 3 MQ 
(S.E.M. ±0-31 M Q ,n-25).
3.2.1. MUSCARINIC PHARMACOT.OGY
When ACh is pressure-applied onto the surface o f the first basalar 
motoneurone, the cell is transiently depolarised. This response can be reduced by 
the addition of 10"  ^M a-BTX (Figure 3.1; n=3). After 60 min, the amplitudes of 
the depolarisations were between 15 and 35 % of the control (mean 26-7%; 
S.E.M. ± 4*9 %, n=3). a-BTX was added to the preparations in the following 
experiments to block the nicotinic receptors on the cell in order to study the a- 
BTX-resistant response to ACh. The toxin was used as supplied by the 
manufacurer and was not further purified. The agonist was pressure-applied to the 
cell (10"2 M, 200-300 ms) once every 2 min. Figure 3.2 shows that applying ACh 
in this way does not cause the receptors to desensitise. The effect of more frequent 
application of ACh was not investigated.
There is the possibility that the a-BTX-resistant component of the ACh- 
induced depolarisation is the result of incomplete block of the nicotinic receptors. 
The effect of an increased concentration of a-BTX was not examined; however, 
the results of the experiments in this chapter suggest that the toxin-resistant 
component has a muscarinic pharmacology and is not due to partial antagonism of 
the nicotinic receptors.
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Figure 3.1. The effect of lO'^M a-BTX on the response of the first basalar 
motoneurone to pressure applied ACh (lO'^M , 200 ms). The neurone was 
exposed to the toxin for 60 min, and the amplitude of the depolarisation has been 
reduced to approximately 30 % of the control.
Scale: vertical 2 mV 
horizontal 1 min
L-59 mV W V
ACh ACh + a -B T X
L
Figure 3.2. The effect of repeated application of ACh. The response does not 
desensitise when the agonist is applied once every 2  min.
Scale: vertical 2 mV 
horizontal 2  min
-50 mV L
k k k k k k k
ACh
The general muscarinic antagonists applied were atropine and dexetimide 
to determine whether the receptors have a muscarinic pharmacology: a-BTX- 
resistant cholinergic receptors of other insect preparations have been shown to 
have a muscarinic pharmacology (David & Pitman, 1990; Benson, 1992). The 
antagonists selective for muscarinic receptor subtypes were pirenzepine 
(vertebrate M] subtype-selective), p-F-HHSiD (M3 >M|>M 2 ), 4-DAMP (M3 
subtype selective) and methoctramine (M2  subtype selective). These drugs were 
used to study the pharmacology of the a-BTX-resistant receptors in more detail.
The amplitude of the ACh-induced depolarisation is dependent on the 
duration of agonist application and the distance between the ACh-containing 
electrode and the soma membrane. ACh was applied when the neurone was at its 
normal resting potential; the effect of membrane potential on the amplitude of the 
depolarisation was not investigated. In the majority of preparations, the amplitude 
of the response was between 1 and 3 mV (n=20), but could be as large as 10 mV 
(n=3).
The antagonists were applied at concentrations of lO'^ M or 5x10'^ M. 
This relatively high concentration of antagonist was used to produce a fast block 
of the ACh depolarisation so that the neurone could be exposed to antagonist for 
the minimum length of time, so facilitating recovery of the response upon washing 
the preparation
3.2.1.1. Non-subtype-selective muscarinic antagonists
The effect of 10"  ^M atropine (n=5) on the amplitude of the ACh-induced 
depolarisation in the presence a-BTX is shown in Figure 3.3. After 6  min, the 
amplitude was reduced to between 20 and 30 % of the control value (mean 
26 0 %; S.E.M. ± 2-3 %), and could be reversed after washing the preparation with 
fresh saline.
Dexetimide (10“4 M) had a similar action on the ACh response obtained in 
the presence a-BTX (n=2), as shown in Figure 3.4. After 6  min the ACh
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Figure 3.3. The addition of 10"  ^M atropine reversibly reduces the amplitude of 
the ACh depolarisation, measured after 6  min. The membrane potential is -45 mV. 
In this preparation the cell started to depolarise slightly 4 min after the application 
of atropine; the membrane potential in the 'atropine' and 'wash' records was 
-44 mV. The small ACh-induced depolarisation remaining in the presence of 
atropine could be fully blocked if the concentration of antagonist was increased.
Scale: vertical 1 mV 
horizontal 1 min
-45 mV L
control atropine wash
Figure 3.4. The response evoked in the first basalar motoneurone to pressure 
application of 10"  ^M ACh can be reversibly reduced by 10’  ^M dexetimide 
(recorded after 6  min). The membrane potential of the cell is shown beside the 
trace.
Scale: vertical 1 mV 
horizontal 1 min
-45 mV > L
control dexetimide wash
depolarisation had decreased to 30 (n=l) or 45 % (n=l) of the response obtained 
prior to the addition of antagonist. This effect of dexetimide was reversible.
3.2.12. Muscarinic receptor subtype-selective antagonists
Muscarinic antagonists selective for vertebrate M j, M2  and Mg subtypes 
were applied to the motoneurone to determine whether these receptors showed any 
differential sensitivities to these compounds, as do vertebrate muscarinic 
receptors.
Pirenzepine is selective for vertebrate M% receptors, and Figure 3.5 shows 
that 10‘^ M  pirenzepine (n=3) reversibly decreased the transient depolarisations 
caused by ACh. The ACh responses were reduced to 43, 56 and 87 % of the 
control after 6  min exposure to pirenzepine (mean 62*0 ±13-1 %, n=3). After 
washing, the amplitude of the depolarisations evoked in two neurones were larger 
than before the addition of pirenzepine. This antagonist would appear to be less 
potent than either atropine or dexetimide, but it was applied in the absence of a- 
BTX, therefore a comparison cannot be made. A proportion of the ACh response 
in the absence of a-BTX would be mediated by nicotinic receptors which would 
be unaffected by pirenzepine. However, pirenzepine did reduce the amplitude of 
the ACh-induced depolarisation, showing that pirenzepine-sensitive receptors are 
located on the first basalar motoneurone.
p-F-HHSiD is an M3 antagonist, but also blocks vertebrate M^ receptors, 
as well as having some antagonistic action on M2  receptors. As Figure 3.6 
illustrates, 10“^  M p-F-HHSiD (n=3) reduced the amplitude of the ACh-induced 
depolarisations of the neurone in the presence of a-BTX. Six minutes after the 
addition of the antagonist, the amplitude of the depolarisation was between 37 and 
42 % (mean 38 7 %; S.E.M. ±1-4 %). Some recovery of the ACh response was 
observed upon washing, although it never reached control levels.
The effect of applying the vertebrate M3  subtype-selective antagonist 4- 
DAMP (5x10-5 n=5) is shown in Figure 3.7. The response to ACh in the
70
Figure 3.5. Pirenzepine (lO'^ M) decreases the amplitude of the depolarisation of 
BAl produced by picospritzing lO'^M ACh onto the motoneurone, measured 
after 6  min. The effect is reversible. The membrane potential of the cell is shown 
beside the trace. There is a small degree of depolarisation throughout the 
experiment; the membrane potential of the ’pirenzepine' record is -45 mV.
Scale: vertical 1 mV 
horizontal 1 min
-46 mV X L
control pirenzepine wash
Figure 3.6. lO"  ^M HHSiD reduces the amplitude (measured after 6 min) of the 
ACh-induced depolarisation (lO '^M ) caused by pressure application of the 
agonist onto BAl. There is some recovery after washing. The membrane potential 
of the cell is shown beside the trace.
Scale: vertical 1 mV 
horizontal 1 min
-50 mV Ju L
control HHSiD wash
Figure 3.7. 4-DAMP (5x10’  ^M) reversibly decreases the amplitude of the 
depolarisation of the motoneurone produced by pressure application of ACh 
(10"2 M) onto the first basalar motoneurone (recorded after 6  min). The membrane 
potential of the cell is shown beside the trace.
Scale: vertical I mV 
horizontal 1 min
-63 mV ; I ^ U umm
control 4-DAMP wash
presence of a-BTX was reversibly reduced to between 5 and 30 % (mean 17 8  %; 
S.E.M. ± 4 6  %). In two preparations, the ACh-induced depolarisation was larger 
after washing than before the addition of 4-DAMP. In Figure 3.7, the amplitude of 
the response to ACh after washing is 82 % of the control.
Methoctramine (5x10'^ M) selectively blocks vertebrate M2  receptors 
(Figure 3.8; n=5); the amplitude of the ACh depolarisation in the presence of a - 
BTX was reduced to between 20 and 40 % (mean 33-0 %; S.E.M. ±5-1 %). At 
this concentration some recovery was observed, but at higher concentrations of 
methoctramine the blocking effect was essentially irreversible.
3.2.2. EFFECT OF McN-A-343 ON INPUT RESISTANCE
The vertebrate Mi receptor selective agonist McN-A-343 (lO’^ M ) was 
applied to the neurones (n=5) for 15 min at the normal resting potential of the cell, 
and the input resistance determined 1, 5, 10 and 15 min after application. This 
drug has been used as a benchmark agonist to stimulate a-BTX-resistant receptors 
in an identified cockroach motoneurone (David & Pitman, 1993a, 1995). The 
mean of four input resistance measurements was calculated, and t-tests for two 
independent samples were earned out for each neurone. One minute's exposure to 
McN-A-343 had no significant effect on the input resistance. However, after 5 
(n=4) or 10 min (n=l) the input resistance was significantly affected (P < 0 05). 
The effect of McN-A-343 on the input resistance was variable and developed 
slowly during exposure, so that after 15 min the input resistance was decreased by 
0-5, T5 or 2 8  MQ, or increased by 0 7 MQ (n=2). Typical traces are shown in 
Figure 3.9a & b.
McN-A-343 also had two effects on the membrane potential; in two 
preparations in which the input resistance decreased, there was an accompanying 
depolarisation of 2 mV after 15 min. The remaining neurones, in which the input 
resistance decreased (n=l) or increased (n=2 ), there was no change in the
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Figure 3.8. The response of the first basalar motoneurone to pressure application 
of ACh (10"2 M) is reduced by 5x10'^ M methoctramine, measured after 6  min. 
The effect of the antagonist is partly relieved by washing. Before and during the 
addition of antagonist, the cell in this figure was spiking, resulting in the noisy 
baseline. The membrane potential of the cell is shown beside the trace.
Scale; vertical 1 mV 
horizontal 1 min
-48 mV IÉ I L
control methoctramine wash
Figure 3.9. The effect of 15 min exposure to 1 0 " 4  M McN-A-343 on the input 
resistance of the first basalar motoneurone. Hyperpolarising current pulses were 
applied to the cell once every 20 (a) or 30 s (b). In three preparations (a), the 
agonist reversibly decreased the input resistance by 0 5, T5 or 2*8 MQ after 
15 min, and reversibly increased it in two preparations (b) by 0*7 MQ after 
15 min. The input resistance was significantly affected after 5 (n=4) or 10 min 
(n=l) exposure to McN-A-343.
The effect of McN-A-343 on the membrane potential was also variable. In two 
preparations the cell was depolarised by 2 mV (a); this was accompanied by a 
decrease in input resistance. The agonist had no effect on the membrane potential 
in the remaining three cells (b); the input resistance of these neurones either 
increased (n=2) or decreased (n=l). The membrane potential returned to the 
control value after washing.
Scale: vertical 2 mV 
horizontal 5 min
-54 mV
▲
McN-A-343 wash
-61 mV
À
McN-A-343 wash
l _
membrane potential. Both the input resistance and membrane potential returned to 
control values after washing with fresh saline.
3.2.3. EFFECT OF McN-A-343 ON SPTKE THRESHOLD
To establish whether McN-A-343 influenced the spike threshold of the 
neurone, depolarising current ramps (duration approximately 150 ms, followed by 
a sustained current pulse of the same duration) were injected through one 
electrode, and the membrane potential was monitored with the second electrode. 
The current was applied as a ramp which increased at a rate of 20 (n=2) or 
4 0 n A s‘l (n=4), to reach an amplitude of 6  to 16 nA. The maximum current 
reached was between 6  and 16 nA.
Prior to the addition of McN-A-343 (n=3), the spike threshold of the 
motoneurone was -35, -36 and -46 mV in each neurone. The effect of lO-^M 
McN-A-343 on the spike threshold was measured after 1, 5, 10 and 15 min 
(repeated four times), and a t-test for two independent samples was carried out for 
each neurone. Figure 3.10 shows the effect of 15 min exposure to McN-A-343 in a 
typical neurone. McN-A-343 had no significant effect on spike threshold after 
1 min exposure (n -2 ); but in one preparation it decreased and became more 
negative (P < 0 05). In the presence of the agonist the spike thieshold decreased 
steadily, and was significantly decreased after 5 min exposure to McN-A-343; 
after 15 min the spike threshold was significantly decreased by between T5 and 
3 mV. The decrease in threshold was not always accompanied by a change in 
membrane potential (n=2); when the cell did depolarise (n=l; 2 mV), returning it 
to the control membrane potential did not alter the effect of McN-A-343 on the 
spike threshold. Washing the preparation returned the spike threshold to control 
values.
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Figure 3.10. The effect of 15 min exposure to 10"4 M McN-A-343 on the spike 
threshold of the first basalar motoneurone. Depolarising current ramps (20 or 
40 nA s" ;^ bottom traces) were applied to the neurone and the membrane potential 
monitored (top traces). Action potentials are highlighted by asterisks. Prior to the 
addition of McN-A-343, the spike threshold was -35, -36 or -46 mV and is 
represented by the dashed line. After drug treatment the threshold was 
significantly decreased (P < 0-05) by between 1*5 and 3 mV. In this example, a 
second action potential was evoked in the presence of McN-A-343. The effect was 
reversed with washing.
Scale: vertical 5mV 
20 nA
horizontal 2 0 0  ms
-49 tnV
control McN-A-343 wash
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3.3. DISCUSSION
Pressure application of 10"2 M ACh onto the soma membrane of the first 
basalar motoneurone resulted in a transient depolarisation which could be reduced 
by IQ-G M a-BTX. The amplitude of the ACh depolarisation in the presence of a- 
BTX was usually between 1 and 3 mV, but in some prepaiations could be as large 
as 10 mV. These results provide the first suggestion for the co-existence of both 
nicotinic and muscarinic receptors on the first basalar motoneurone. It is unlikely 
that the a-BTX-resistant component of the ACh-induced depolarisation is due to 
incomplete block of the nicotinic receptors because the remaining depolarisation 
could be reversibly reduced by muscarinic antagonists. Muscarinic and nicotinic 
receptors are also colocalised on motoneurone PPR of Manduca (Trimmer & 
Weeks, 1989), cockroach motoneurone Df (David & Pitman, 1990), DUM 
neurones of the cockroach (Lapied & Hue, 1991), cockroach giant interneurones 
(Le Corronc & Hue, 1993) spinal neurones of Xenopus embiyos (Perrins & 
Roberts, 1994), cultured rat CNS astrocytes (Hosli et al, 1994) and sympathetic 
ganglion neurones (Yarosh et al, 1988; Furukawa et al, 1994).
The addition of muscarinic antagonists reduced the amplitude of the ACh- 
evoked depolarisations in the presence of a-BTX, suggesting that these receptors 
have a muscarinic pharmacology. Further evidence for the muscarinic nature of 
these receptors is that they are sensitive to the muscarinic agonist McN-A-343. 
Both general muscarinic antagonists and antagonists selective for vertebrate 
muscarinic receptor subtypes were effective. The vertebrate muscarinic M% 
antagonist pirenzepine decreased the amplitude of the ACh-induced 
depolarisation, indicating that the neurones possess a population of pirenzepine- 
sensitive receptors. However, pirenzepine cannot be directly compared with the 
other antagonists because it was added to the preparation in the absence of a - 
BTX, whereas all other antagonists were added in the presence of the toxin. The 
order of potency of the remaining antagonists is 4-DAMP > atropine =
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methoctramine > p-F-HHSiD = dexetimide. Because all four of the subtype- 
selective antagonists decreased the ACh-induced depolarisation, the receptors 
cannot be classified as Mi, M% or M3 receptors. This classification applies to 
vertebrate receptors, and the muscarinic antagonists available have been 
developed for vertebrate preparations. It is possible that the ligand binding site of 
invertebrate muscarinic receptors does not resemble that of vertebrate receptors 
because the two groups of animals are evolutionally distant. Insects are a 
phylogenetically ancient class of animal compared to vertebrates, therefore the 
receptors present in vertebrate species can be expected to have evolved 
significantly from those of insects. This would result in the different ligand 
binding properties of the muscarinic receptors of the two groups of animals.
Muscarinic receptors of other insect preparations are similar to BAl in that 
they are sensitive to more than one subtype-selective antagonist. Of the 
antagonists tested, pirenzepine has been shown to be the most potent in blocking 
a-BTX-insensitive cholinergic receptors in motoneurone Df of the cockroach. 
These receptors could, however, also be blocked by p-F-HHSiD and 
methoctramine (David & Pitman, 1993a). HHSiD, pirenzepine and 4-DAMP have 
similar potencies in isolated locust neurones, whereas methoctramine has virtually 
no effect (Benson, 1992). However, there appears to be some differential 
selectivity to different antagonists in cockroach GI neurones (Le Corronc & Hue, 
1993) and the PPR motoneurone of Manduca (Trimmer & Weeks, 1993). In these 
preparations, pirenzepine reduces the response to muscarinic agonists, but 
methoctramine and 4-DAMP were ineffective. HHSiD was also found to be 
without effect in Manduca (Trimmer & Weeks, 1993). In contrast, a binding site 
with a relatively high affinity for 4-DAMP has been uncovered in the brains of 
honey bee, housefly and cockroach (Abdallah et al, 1991), whereas pirenzepine 
and AF-DX 116 (M2  antagonist) were less potent.
Other research canied out on a variety of neurotransmitter receptors in 
insects has also provided evidence for variation between vertebrate and
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invertebrate receptors. For example, GAB A receptors appear to differ between 
vertebrates and invertebrate neurones: GAB A receptors of cockroach
motoneurone Df (Sattelle et al, 1988), locust thoracic neurones (Lees et al, 1987) 
and lobster thoracic neurones (Jackel et al, 1994) are activated by GABA^ 
agonists but are not blocked by the classical vertebrate GABAy»^  antagonist 
bicuculline. G ABA receptors of Limulus heart appear to be similar to vertebrate 
GABAys  ^ receptors but they can be blocked by the GABAg antagonist 3- 
aminopropyl-phosphonous acid and are insensitive to bicuculline (Benson, 1989). 
Picrotoxin, which blocks the ion channel of vertebrate GABA^ receptors, has no 
effect on Limulus heart (Benson, 1989) or the stomatogastric ganglion of the crab 
(Marder & Paupardin-Tritsch, 1978) but does block the GABA receptors of 
cockroach central neurones (Pitman & Kerkut, 1970; Sattelle et al, 1988), lobster 
thoracic neurones (Jackel et al, 1994) and locust thoracic neurones (Lees et al, 
1987).
The response to ACh did not always return to control amplitude after the 
application of HHSiD and methoctramine. These antagonists may bind with a 
higher affinity to the receptors than the other antagonists tested and therefore 
would be more difficult to wash off. However, there was always some degree of 
recovery, suggesting that the decrease observed in the presence of antagonist was 
due to the drug and not deterioration of the cell. Further evidence against the 
partial recovery of the response to ACh being due to deterioration of the cell 
comes from the observation that there was no associated change in the resting 
membrane potential, a measure which can be used to assess the viability of a 
neurone. After washing off the other antagonists, the amplitude of the ACh- 
response was sometimes greater than conti'ol values. The reason for this is unclear, 
although it is possible that washing the preparation could lead to a decrease in the 
concentration of cholinesterase in the extracellular fluid surrounding the 
motoneurone resulting in an enhancement of the response to ACh. Alternatively, it
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could alter the ionic gradients across the membrane causing an increased driving 
force on the ions responsible for the ACh-induced depolarisation.
The input resistance of a neurone is a measure of the conductance of the 
membrane: an agonist-induced increase in input resistance is equivalent to a 
decrease in conductance caused by closure of ion channels. A decrease in input 
resistance, or increase in membrane conductance, results from the opening of 
channels. The addition of the vertebrate Mi receptor selective agonist McN-A-343 
to the first basalar motoneurone in some preparations decreased while in others 
increased the input resistance of the cell. This suggests that McN-A-343 may have 
two effects on the motoneurone, causing either an opening or a closure of ion 
channels. Muscarinic and global cholinergic agonists increased the input 
resistance of bullfrog sympathetic neurones (Weight & Votava, 1970; Kuba & 
Koketsu, 1976; Brown & Adams, 1980), cat thalamocortical neurones (Curro 
Dossi et al, 1991), basolateral amygdaloid neurones of the rat (Washburn & 
Moises, 1992) and rat hippocampal cells (Cole & Nicoll, 1984). These neurones 
possess a population of voltage-dependent K+ channels which are sensitive to 
muscarinic receptor activation (M-channels; see Section 1.3.1.5.); in the presence 
of muscarinic agonists, the channels are inhibited, leading to a decrease in the 
conductance of the membrane. A decrease in input resistance in the presence of 
muscarinic agonists has been found in isolated Locusta neurones (Benson, 1992). 
These results are in contrast to the observation made by Trimmer & Weeks (1989, 
1993) in Manduca that muscarinic agonists had no noticeable effect on input 
resistance.
The change in the input resistance of the first basalar motoneurone in the 
presence of McN-A-343 was not necessarily accompanied by a change in the 
membrane potential. In two neurones the cell depolarised by 2 mV, but in three 
McN-A-343 had no effect. The neurones which were depolarised by McN-A-343 
exhibited a decrease in the input resistance, whereas those which were not
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depolarised generally exhibited an increase in input resistance. The increase in 
input resistance suggests that K+ channels may be closed by the agonist, a 
hypothesis confirmed by the experiments presented in Chapter 5. If the K+ 
reversal potential was close to the resting membrane potential of a neurone, 
closure of K+ channels need not have a large effect on the membrane potential. 
However, the decrease in input resistance and the depolarisation recorded from 
two neurones cannot be explained in terms of modulation of K+ channels. One 
explanation is that the decrease in input resistance is secondary to the 
depolarisation: closure of channels causes depolaiisation of the membrane and 
opens voltage-dependent Ca^+ and Na+ channels. When ACh, carbachol or 
muscarinic agonists were applied to rat hippocampal neurones (Cole & Nicoll, 
1984), rat basolateral amygdaloid neurones (Washburn & Moises, 1992), cat 
sensorimotor cortical neurones (Schwindt et al, 1988), the membrane was 
depolarised in only a proportion of preparations. In the preparations which did 
depolarise, the increased input resistance was unrelated to the depolarisation, 
because when the membrane potential was returned to the control potential the 
change in input resistance persisted.
The preliminary results presented here suggest that the addition of McN-A- 
343 to the first basalar motoneurone significantly decreases the spike threshold of 
the cell by 1-5 to 3 mV without necessarily affecting the membrane potential. This 
would suggest that the physiological role of these muscarinic receptors is to 
increase the excitability of the neurone.
Studies of postsynaptic muscarinic receptors of other insect preparations - 
Manduca larval PPR motoneurones (Trimmer & Weeks, 1989, 1993), cockroach 
giant interneurones (Le Corronc & Hue, 1993) and locust VPLI intemeurones 
(Baines & Bacon, 1994) - have shown that these receptors do appear to be 
involved in modulating spike threshold. Muscarinic receptor activation caused a 
decrease of the spike threshold which was accompanied by membrane 
depolarisation. The change in threshold was independent of the depolarisation as
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artificial repolarisation of the neurone to the control membrane potential did not 
abolish the increase in excitability. Trimmer & Weeks (1993) reported that 10 min 
treatment with oxotremorine lowered the spike threshold by approximately 5 mV, 
and Baines & Bacon (1994) reported that a 200 ms application of muscarine 
decreased the spike threshold by the same amount. The spike threshold of 
cockroach giant intemeurones (Le Corronc & Hue, 1993) was lowered by 
approximately 2 mV after 1 min exposure to arecoline. However, in the 
experiments described here, 15 min exposure to McN-A-343 only decreased the 
spike threshold by a maximum of 3 mV. Although they appeared to reverse upon 
washing, there remains the possibility that these variations are due to drug- 
unrelated fluctuations in the spike threshold. Clearly, further investigations must 
be carried out. The addition of muscarinic antagonists would be expected to have 
the opposite effect and increase the spike threshold, as well as blocking the 
increase in excitability induced by muscarinic agonists. Activation of the receptors 
should also potentiate the effects of nicotine, a result obtained by Baines & Bacon 
(1994).
There are many examples of a muscarinic receptor-mediated increase in 
excitability in vertebrate preparations. Muscarinic receptor activation increased 
the excitability of bullfrog sympathetic neurones (Weight & Votava, 1970; Adams 
et al, 1982b), cat sensorimotor cortical neurones (Schwindt et al, 1988), rat 
hippocampal neurones (Cole & Nicoll, 1984; Lancaster & Nicoll, 1987) and rat 
basolateral amygdaloid neurones (Washburn & Moises, 1992). The effect was 
accompanied by an increase in the input resistance of the neurone (Weight & 
Votava, 1970; Adams et al, 1982b; Cole & Nicoll, 1984; Washburn & Moises, 
1992). These authors reported that in many cases, muscarinic agonists had no 
effect on the membrane potential (Cole & Nicoll, 1984; Schwindt et al, 1988; 
Washburn & Moises, 1992); when the membrane did depolarise, the increased 
excitability was independent of the depolarisation because it was still observed 
when the membrane was returned to the control potential.
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McN-A-343 did not affect the input resistance or the spike threshold until 
5 min after the addition of the drug. This would suggest therefore, that the 
modulation of the excitable properties would only occur when there is prolonged 
activity of the synapse, for example while the locust is flying. If a similar time lag 
occurs in vivo, activation of the muscarinic receptors by ACh would have no 
effect on the motoneurone at the start of flight. However, after a few minutes, 
these receptors would mediate an increase in the excitability of the cell and may 
influence the flight pattern: if the spike threshold is lowered such that an action 
potential will be evoked at a more negative potential, this would obviously occur 
earlier as the motoneurone is depolarised from the resting potential and could 
therefore accelerate the rhythmic discharge of the first basalar motoneurones. To 
further investigate the functional role of these receptors, recordings could be made 
from neurones involved in the flight pattern generator and a muscarinic agonist 
applied to examine whether it has an effect on the flight rhythm.
SUMMARY
When ACh (in the presence of a-BTX) is pressure-applied onto the soma 
of the first basalar motoneurone, the cell is transiently depolarised. The amplitude 
of the depolarisation was usually between 1 and 3 mV.
This a-BTX-resistant component of the ACh-evoked depolarisation 
appears to be muscarinic in nature, because it can be reversibly decreased by 
muscarinic antagonists. It is sensitive to the non-subtype-selective muscarinic 
antagonists atropine and dexetimide, and the vertebrate subtype-selective receptor 
antagonists pirenzepine, HHSiD, 4-DAMP and methoctramine. The relative 
potencies of the antagonists is 4-DAMP > atropine = methoctramine > HHSiD = 
dexetimide; pirenzepine cannot be compared because it was added in the absence 
of a-BTX. The results suggest that these receptors have different characteristics to 
vertebrate muscarinic receptors because they are sensitive to more than one 
subtype-selective antagonist.
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Activation of the a-BTX-resistant receptors studied here decreases the 
spike threshold of the motoneurone, and has a variable effect on the input 
resistance. Both features were affected significantly after 5 min exposure to McN- 
A-343. The physiological role of these receptors may be to modulate the 
excitability of the first basalar motoneurone and hence influence the flight pattern.
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CHAPTER 4
Voltage clamp study of the currents evoked by 
activation of a-BTX-resistant cholinergic 
receptors in the first basalar motoneurone
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4.1. INTRODUCTION
The experiments described in the following two chapters were performed 
using voltage clamp, a technique developed independently by Cole (1949) and 
Marmot (1949) which has become a powerful tool for studying the ionic currents 
across the cell membrane. Two microelectrodes were used in the experiments 
presented here: briefly, the membrane potential is monitored by one 
microelectrode, and is kept at a constant holding potential by current delivered 
through a second microelectrode from a high gain, high voltage feedback 
amplifier. The membrane was stepped to a pre-determined command potential by 
applying command pulses to the feedback amplifier.
The currents underlying the muscarinic receptor-mediated depolarisation 
of the first basalar motoneurone described in Chapter 3 were studied here using 
voltage clamp. In addition to this, experiments were performed to determine 
whether the current evoked by muscarinic agonists is mimicked by nicotine (in the 
presence of a-BTX), which would suggest that these muscarinic receptors may 
have a 'mixed' cholinergic pharmacology. The first report of putative receptors 
that bound both nicotinic and muscarinic ligands came from experiments on 
electroplax tissue of Electrophorus (Eldefrawi et al, 1971). A similar binding 
component was found in the CNS of the housefly Musca (Aziz & Eldefrawi, 
1973), an observation which was later confinned by Mansour et al (1977) and 
Harris et al (1981). Binding studies have identified putative 'mixed' cholinergic 
receptors in cultured cockroach neurones (Lees et al, 1983) and bovine chromaffin 
cells (Shirvan et al, 1991). However, the results of these binding studies must be 
interpreted with caution because the density of these putative receptors is much 
higher than that found for other receptors, which could suggest that the binding 
sites do not correspond to receptor proteins. Evidence for functional 'mixed' 
cholinergic receptors has been provided by electrophysiological experiments on 
motoneurone Df of the cockroach (David & Pitman, 1993a), isolated unidentified
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thoracic neurones of Locusta (Benson & Neumann, 1987; Benson, 1992) and the 
skin of Rana catesbiana (Cox, 1993).
Unlike vertebrate neurones, there are no known examples of chemical 
synapses onto the cell bodies of insect neurones. However, experiments on freshly 
isolated cell bodies of locust neurones, from which the axons have been severed, 
have provided conclusive evidence for the presence of somatic receptors for 
several different neurotransmitters, including ACh (Usherwood et al, 1980; Suter 
& Usherwood, 1985; Benson, 1992), L-glutamate (Usherwood et al, 1980; Giles 
& Usherwood, 1985), GABA (Giles & Usherwood, 1985; Lees et al, 1987; 
Whitton et al, 1994), serotonin (Usherwood et al, 1980; Bermudez et al, 1992) and 
octopamine (Usherwood et al, 1980; Suter, 1986).
The experiments performed in Chapter 3 demonstrated that there is a 
population of a-BTX-resistant cholinergic receptors on the first basalar 
motoneurone. The aims of the present experiments were (1) to use two-electrode 
voltage clamp to study the currents evoked in the first basalar motoneurone, (2) to 
further characterise the pharmacology of these receptors by investigating the 
effects of carbachol, muscarine and McN-A-343, (3) to determine whether the 
receptors also respond to nicotine and therefore have a 'mixed' cholinergic 
pharmacology, and (4) to investigate whether the receptors are present on the 
soma membrane of the motoneurone.
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4.2. RESULTS
4.2.1. CURRENTS EVOKED TN THE FIRST BASALAR MOTONEURONE 
TINDER VOLTAGE CLAMP
For this first set of voltage clamp experiments a holding potential of 
-50 mV was selected because this is close to the mean resting membrane potential 
of this neurone. The membrane was stepped to potentials between -100 mV and 
OmV; the membrane was not jumped to potentials more positive than OmV 
because this has a deleterious effect on the long term stability of the cell. 
Examples of the evoked currents are displayed in Figure 4.1. Using command 
steps 250-300 ms long the current reached a steady state. At potentials more 
negative than the holding potential a square shaped inward current was evoked 
(n=22). This current was generally only a few nA in magnitude. At potentials 
more positive than the holding potential an outward current was evoked. The 
currents evoked in the majority of preparations consisted of an outward relaxation 
that gave way to a sustained outward current. At 0 mV the sustained outward 
current was reached after 50 to 100 ms. An outward current relaxation was 
recorded at -40 (n=4), -20 (n=16) and 0 mV (n=12). In the example shown in 
Figure 4.1a, the currents evoked at -20 and OmV exhibit outward current 
relaxations; however, at -40 mV the current lacks the outward current relaxation 
and appeal's square. This was recorded at -40 mV from a total of 18 neurones.
A transient outward current preceded the sustained current in the 
remaining preparations at -20 (n=6) and 0 mV (n=10), as shown in Figure 4.1b. 
An outward current relaxation was recorded at -40 mV in this neurone. The 
duration of this transient current was typically between 10 and 20 ms with an 
amplitude of 10 to 15 nA, and was larger at 0 mV than at -20 mV.
The currents evoked in eighteen neui'ones were similar at command 
potentials of -20 and 0 mV : an outward relaxation into a sustained outward current 
was recorded from twelve preparations (Figure 4.1a), and an initial transient
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Figure 4.1. Currents evoked in the first basalar motoneurone by stepping the 
membrane from a holding potential of -50 mV to -100, -40, -20 and 0 mV. The 
voltage steps are shown below the currents. Inward currents evoked at -100 mV 
were small and appeared square-shaped; however, outward currents produced at 
potentials positive to the holding potential varied between preparations. The arrow 
in (a) shows the point at which the current amplitude was measured to construct 
the l/V  relationship of each neurone.
Scale: vertical 100 nA 
horizontal 100 ms
Figure 4.1a. The outward currents evoked at -20 and 0 mV in this cell exhibited 
an outward relaxation into a non-inactivating outward current. This was recorded 
at -40 mV (n=18), -20 mV (n=16) and 0 mV (n=12). The steady state current was 
reached within 50 to 100 ms at 0 mV. In this preparation at -40 mV, the current 
did not include an outward relaxation, and appeared square. This was observed in 
a total of four preparations.
Figure 4.1b. The non-inactivating outward current could be preceded by a 
transient outward current at -20 mV (n=6) and 0 mV (n=10). The duration of this 
transient was between 10 and 20 ms and the amplitude was 10 to 15 nA. In this 
neurone an outward relaxation was recorded at -40 mV.
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outward current preceding the sustained current was recorded from six 
preparations (Figure 4.1b). In the remaining cells (n=4), the outward relaxation 
gave way to a transient outward current as the command potential became more 
positive.
The current/voltage (I/V) relationship of the first basalar motoneuione is 
displayed in Figure 4.2. This was constructed by measuring the amplitudes of the 
evoked currents, such as those in Figure 4.1, after 50 ms (arrow. Figure 4.1a). The 
current is inwardly directed at command potentials more negative than the holding 
potential, -50 mV, and outwardly directed at more positive potentials. At 
command potentials between -100 and -40 mV the W  relationship is 
approximately linear. However, at potentials more positive than about -40 mV the 
l/Y  relationship shows strong outward rectification and a large outward current 
develops.
4.2.2. EFFECT OF MTJSCARTNTC AGONISTS AND NICOTINE IN THE 
PRESENCE OF a-BTX
To confirm that the a-BTX-resistant receptors identified in the preceding 
chapter have a cholinergic pharmacology, the non-selective cholinergic agonist 
carbachol (carbamylcholine chloride; CCh) was applied to the motoneurone (n=5) 
in the presence of a-BTX (10"^ M). Carbachol is an analogue of ACh, and was 
applied rather than ACh because it is non-hydrolysable and cannot be broken 
down by cholinesterase. If the a-BTX-resistant receptors do not desensitise in the 
presence of agonist (which the following experiments demonstrate), the current 
evoked by CCh will continue as long as the neurone is exposed to agonist, 
allowing a study of the time dependency of the response. In addition to CCh, the 
currents evoked in the motoneurone by the specific muscarinic agonists L-(+)- 
muscarine (n=3) and McN-A-343 (n=3) were examined.
Cholinergic receptors of certain insect preparations which were previously 
assumed to be muscarinic receptors are now known to be activated by nicotine as
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Figure 4.2. The I/V relationship of the first basalar motoneurone. The membrane 
potential was stepped from a holding potential of -50 mV to -100, -80, -60, -40, 
-20 and 0 mV, and the evoked currents were measured after 50 ms (to allow a 
comparison with later experiments in which the duration of the command pulse 
was decreased to 50 ms). At potentials between -100 and -40 mV the I/V 
relationship is approximately linear, and the evoked current is small. However, at 
potentials positive to -40 mV the I/V relationship shows strong outward 
rectification and the amplitude of the evoked currents greatly increases.
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well as muscarinic agonists (Benson & Neumann, 1987; Benson, 1992; David & 
Pitman, 1993a). The effect on the first basalar motoneurone of (-)-nicotine (n=4) 
in the presence of a-BTX (10'^ M) was examined to determine whether these 
receptors have a mixed pharmacology.
Each drug was administered to give a bath concentration of 10"  ^M. This is 
a relatively high concentration compared to that required in vertebrate 
preparations, but the potency of muscarinic drugs is lower in insects than 
vertebrates, and there are fewer binding sites for muscarinic ligands in insect 
nervous tissue compared to vertebrate (see Breer & Sattelle, 1987). Cholinergic 
agonists were also applied successfully at a concentration of 10"'* M in 
motoneurone Df of the cockroach (David & Pitman, 1993a). The agonists were 
applied for 15 min and measurements taken after 1, 5, 10 and 15 min to allow a 
study of the time dependence of the response.
4.2.2.1. Carbachol
After pretreating the preparation with 10“^  M a-BTX for 1 h, lO'^ M CCh 
was applied to the cell (n=5), and the effect of the agonist is shown in Figure 4.3. 
Fifteen minutes' exposure to CCh resulted in a decrease in the amplitude of the 
sustained outward current in all preparations (Figure 4.3a) and the transient 
outward current evoked at -20 (n=2) and 0 mV (n=4). Carbachol induced an 
inward (n=4) or an outward (n=l) shift in the holding current.
The effect of CCh on the IfV  relationship is shown in Figure 4.3b, while 
the CCh-induced cuiTent is shown in Figure 4.3c. The drug-induced current was 
obtained by subtracting the control currents from those produced in the presence 
of agonist. At potentials negative to -40 mV CCh evoked a small inward cuiTent in 
four cells out of five, which increased as the command potential became more 
negative from a minimum at -40 (n=4) or -60 mV (n==l). In the presence of CCh, 
this current component either increased to a maximum after five or ten minutes 
then decreased (n=3; Figure 4.3c), or decreased only (n=l). The maximum inward
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Figure 4.3a. The effect of 15 min exposure to lO"  ^M carbachol in the presence of 
lQ-6 M a-BTX on the current evoked by stepping the membrane to -20 and 0 mV 
from a holding potential of -50 mV. Both the 'control' and 'carbachol' currents 
were recorded in the presence of a-BTX. Carbachol decreased the amplitude of 
the sustained outward current in all preparations and induced an inward shift in the 
holding current. Where a transient outward current was evoked (-20 mV, n=2; 
0 mV, n=4), the amplitude was decreased.
Scale: vertical 50 nA 
horizontal 100 ms
Figure 4.3b. The currents evoked in the motoneurone in (a) were measured after 
50 ms and used to construct an W  relationship o f the neurone in the absence and 
presence (5,15 min) of 10"4 M carbachol (in the presence of 10'^ M a-BTX).
Figure 4.3c. The carbachol-induced current, obtained by subtracting the 'control' 
currents from those obtained in the presence of agonist in (b). The drug induced an 
inward current at all potentials, small at potentials negative to approximately 
-40 mV, and increasing in size at more positive potentials.
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current attained at -100 mV was 14-6 +3-2 nA (n=4). An outward increasing 
current, 10 nA after 15 min, was evoked in one cell At potentials more positive 
than -40 mV, a larger inward current was evoked by CCh, increasing as the 
command potential became more positive. During exposure to agonist, the 
amplitude of this inward current component increased: after 15 min the amplitude 
was 65 0 ± 19 2 nA (n=5).
4.2.2.2. M uscarine
The effect of 10"4 M muscarine on the first basalar motoneurone was 
investigated (n=3) and typical results are shown in Figure 4.4. The sustained 
outward currents evoked in the motoneurone were reduced after 15 min exposure 
to agonist (Figure 4.4a; n=3), and there was an inward shift in the holding current.
The effect of muscarine on the l/Y  relationship of a neurone is shown in 
Figure 4.4b, and the muscarine-induced current in Figure 4.4c. The current evoked 
by muscarine is very similar to that produced by CCh in the presence of a-BTX 
(Figui'e 4.3). Muscarine had least effect at a command potential of -40 mV. At 
potentials negative to -40 mV an inward current was evoked by muscarine in two 
preparations, which increased as the command potential became more negative. 
During exposure to agonist, this inward current component increased to a 
maximum at 10 min and then decreased (n=l), or increased steadily over 15 min 
(n=l). In the third neurone, an inward current, which was relatively constant over 
15 min, was evoked at -100 and -80 mV; at more positive potentials the current 
reversed, but became inwardly directed again at potentials positive to -20 mV. The 
maximum inward cuiTent evoked when the membrane was stepped to -100 mV 
was 21-7 ± 12-5 nA (n=3). At potentials more positive than -40 mV, muscarine 
initially evoked an outward current in two preparations, with an amplitude of 22*5 
±1-8 nA (n=2) at 0 mV. This current component decreased and became inward 
after 5 min. In the third cell, in which the current reversed at -80 mV, the 
muscarine-induced current evoked at 0 mV was inward, and increased over time.
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Figure 4.4a. The effect of 15 min exposure to 10“^  M muscarine on the current 
evoked by stepping the membrane from -50 mV to command potentials of -40, -20 
and 0 mV. The drug decreased the amplitude of the sustained outward current and 
induced an inward shift in the holding current.
Scale: vertical 50 nA 
horizontal 100 ms
Figure 4.4b. The currents evoked in the motoneurone in (a) were measured after 
50 ms and used to construct an I/V relationship of the neurone in the absence and 
presence (5,15 min) of 10"  ^M muscarine.
Figure 4.4c. The muscarine-induced current obtained from the preparation in (b). 
An inward current was induced at potentials negative to approximately -40 mV. 
At potentials positive to -40 mV, an initial outward current was evoked, which 
decreased and became inward after 5 or 10 min.
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Both the outward and inward cunents evoked positive to -40 mV increased as the 
command potential was made more positive. The maximum inward current 
reached at 0 mV after 15 min was 63 3 ± 9 6 nA (n=3).
4.2.2.3. McN-A-343
A typical response of a neurone to 10"  ^M McN-A-343 is shown in Figure 
4.5. McN-A-343 had a similar effect to CCh in the presence of a-BTX (n=3). 
After 15 min exposure to McN-A-343, the amplitude of both the sustained 
outward current (n=3) and the transient current evoked at OmV (n=l) was 
decreased. McN-A-343 induced an inward shift in the holding cuiTent.
The effect of McN-A-343 on the l/Y  relationship is shown in Figure 4,5b, 
while the McN-A-343-induced current is shown in Figure 4.5c. When the 
membrane potential was stepped to potentials negative to -40 mV, a small inward 
current was evoked, which increased as the command potential became more 
negative from a minimum at -40 mV. This current component increased during 
15 min exposure to agonist (n=2) or increased to a maximum after 10 min and 
then decreased (n=l), as shown in Figure 4.5c. The maximum amplitude attained 
at -100 mV was 6*7 ± 2-2 nA (n=3). McN-A-343 also evoked an inward current at 
potentials positive to -40 mV, increasing as the command potential became more 
positive. With increasing time of exposure to McN-A-343, the amplitude of this 
current component increased. In one preparation, an outward cument was initially 
evoked over this potential range, which decreased in size from 5 nA at a command 
potential of 0 mV and became inwardly directed after 5 min. The amplitude of the 
inward current at 0 mV was 58 3 ± 25-2 nA (n=3) after 15 min.
4.2.2.4. Nicotine
10""^  M nicotine was applied to the neurone after 1 h exposure to 10'^ M a- 
BTX (n=4). After 15 min, nicotine decreased the amplitude of the sustained 
outward current in all preparations (Figure 4.6a), and decreased the amplitude of
Figure 4.5a. The effect of 15 min exposure to 10'  ^M McN-A-343 on the current 
evoked by stepping the membrane to -40, -20 and 0 mV from a holding potential 
of -50 mV. The drug decreased the amplitude of the sustained current and 
decreased the amplitude of the transient outward ciurent evoked at 0 mV (n=l), 
and induced an inward shift in the holding current.
Scale: vertical 100 nA 
horizontal 100 ms
Figure 4.5b. The currents evoked in the motoneurone measured 50 ms from the 
start on the command potential were used to construct an I/V relationship of the 
neurone in the absence and presence (5, 15 min) of 10"^  M McN-A-343 (different 
preparation to (a)).
Figure 4.5c. The McN-A-343-induced current obtained from the preparation in 
(b). The drug induced an inward current at potentials negative to -40 mV in all 
preparations (n=3). At more positive potentials, McN-A-343 evoked an inward 
current, which increased during exposure to drug; in this preparation, the inward 
current was preceded by an initial outward current.
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Figure 4.6a. The effect of 15 min exposure to 10"^  M nicotine in the presence of 
10'  ^M a-BTX on the current evoked by stepping the membrane from -50 mV to 
command potentials of -20 and 0 mV. Nicotine decreased the amplitude of the 
sustained outward current in all preparations and induced an inward shift in the 
holding current. Where a transient outward current was evoked (0 mV, n=l), the 
amplitude was decreased.
Scale: vertical 100 nA 
horizontal 100 ms
Figure 4.6b. The currents evoked in the motoneurone (different preparation to (a)) 
were measured after 50 ms and used to construct an I/V relationship of the 
neurone in the absence and presence (5, 15 min) of 10"^  M nicotine (in the 
presence of 10"^  M a-BTX).
Figure 4.6c. The nicotine-induced current obtained from the preparation in (b). 
An inward current was induced at potentials negative to approximately -40 mV. 
At potentials positive to -40 mV, an initial outward current was evoked in most 
preparations, which decreased and became inward after 5 or 10 min.
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the outward transient currents evoked in one neurone at -20 and 0 mV. Exposure 
to agonist resulted in an inward shift in the holding current.
The effect of nicotine on the IfY  relationship of a neurone can be found in 
Figure 4.6b, and the nicotine-induced current in Figure 4.6c, Nicotine had least 
effect at a command potential of -40 mV. An inward current was evoked at 
potentials negative to -40 mV, increasing as the command potential was made 
more negative. In the presence of nicotine, this current component increased to a 
maximum after 5 or 10 min, then decreased (n=3), and in the fourth it increased 
only (Figure 4.6c). The maximum amplitude attained at -100 mV was 26 0 ± 
5-5 nA (n=4). At potentials positive to -40 mV, nicotine initially induced an 
outward current in three preparations, which increased as the command potential 
became more positive. At 0 mV the current reached 30-0 ± 9-4 nA (n=3) after 
1 min, and subsequently decreased and became inwardly directed after 5 or 
10 min. The fourth cell exhibited an inward current only, which increased over 
15 min. The inward currents evoked at OmV reached a maximum of 62-5 ± 
19-4 nA (n=4).
4.2.3. EFFECT OF SCOPOT.AMTNE ON THE RESPONSE TO McN-A-343 
AND NICOTINE TN THE PRESENCE OF a-BTX
To further investigate the pharmacology of these a-BTX-resistant 
receptors, 10"  ^M of the muscarinic antagonist (-)scopolamine hydrochloride was 
added to establish whether the responses to McN-A-343 and nicotine are blocked 
by this muscarinic antagonist. If this were the case, it implies that the agonists are 
binding to muscarinic receptors.
These experiments were carried out over a longer period of time than those 
described above. To limit the redistribution of ions the following changes were 
made to the command pulse protocol: 1. the membrane potential was jumped from 
-50 mV to 0 mV once every minute, instead of a range of potentials between -100 
and 0 mV; 2. the pulse duration was reduced from 250-300 ms to 50 ms.
89
4.2.3.1. McN-A-343
Figure 4.7a shows the effect of lO"? M scopolamine on the current induced 
by 10'^ M McN-A-343. The addition of McN-A-343 after 10 min exposure to 
scopolamine had no effect on the amplitude of the outward current.
After washing the preparation with fresh saline, 10"4 M McN-A-343 was 
reapplied (Figure 4.7b). This time there was a significant decrease in the current 
amplitude: over the period of application, the current decreased steadily: after 
15 min the outward current was decreased by approximately 30 nA. After washing 
the preparation with fresh saline, the amplitude of the outward currents increased 
towards the control values.
4.2.3.2. Nicotine
To examine whether nicotine is operating on the same receptors as the 
muscarinic agonists, it was applied in the presence of 10'? M scopolamine. The 
results of this experiment are illustrated in Figure 4.8. lO"  ^M nicotine was applied 
10 min after scopolamine and Figure 4.8a shows that it had no detectable effect 
over a period of 15 min. When lQ-4 M nicotine was reapplied after washing the 
preparation with fresh saline, an inward current was evoked, as depicted in Figure 
4.8b. There is a small degree of cunent run-down before addition of the drug, 
probably due to the fact that the cell has been voltage clamped for several hours, 
but there appears to be a decrease in the outward current on addition of nicotine, 
shown by the arrow. The outward cunent decreases continually in the presence of 
nicotine: after 15 min it has fallen by approximately 30 nA.
4.2.4. EFFECT OF McN-A-343 ON AN ISOLATED CELL BODY
To determine whether these 'mixed' receptors are located on the soma 
membrane of the motoneurone, the cell body was isolated from its axon by 
undercutting with a pair of fine scissors. The isolated cell body remained on the
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Figure 4.7. The decrease in the outward current caused by 10'^ M McN-A-343 
can be reversibly blocked by the muscarinic antagonist scopolamine (10"^ M), The 
cell was stepped from a holding potential of -50 mV to 0 mV (once every minute, 
pulse duration 50 ms).
Figure 4.7a. McN-A-343 was applied to the motoneurone 10 min after 
scopolamine, and had no effect on the amplitude of the outward current over the 
15 min period of exposure to drug.
Figure 4.7b. After washing scopolamine from the preparation, McN-A-343 was 
reapplied, and caused a decrease in the amplitude of the outward current. The 
amplitude of the outward currents returns towards the control amplitude when 
McN-A-343 was removed from the preparation.
Scale: vertical 200 nA 
horizontal 10 min
ascopolamine
McN-A-343
n
McN-A-343 wash
1 _
Figure 4.8. The effect of 10“^  M scopolamine on the suppression of the outward 
current caused by lQ-4 M nicotine in the presence of 10“^  M a-BTX. The cell was 
stepped from a holding potential of -50 mV to 0 mV (once every minute, pulse 
duration 50 ms).
Figure 4.8a. After pretreating the preparation with scopolamine for 10 min, the 
addition of nicotine had no detectable effect over a period of 15 min.
Figure 4.8b. After washing scopolamine from the preparation, the addition of 
nicotine appears to have decreased the amplitude of the current evoked at 0 mV, 
as shown by the arrow.
Scale: vertical 100 nA 
horizontal 10 min
ascopolamine
nicotine
nicotine
surface of the ganglion for the duration of the experiment. The protocol was 
similar to that used to examine the effects of the cholinergic agonists above, with 
two small changes: the pulse duration was decreased to 50 ms, and the holding 
potential was increased to -80 mV. An axotomised neurone will be less stable than 
an intact cell, and making these small changes in the protocol will minimise the 
probability that cell death will occur. At the more positive holding potential, the 
cell is slightly more depolarised than normal (mean -54 mV) and it is possible that 
a proportion of voltage-dependent ion channels are open; this was satisfactoiy in 
the previous experiments on an intact neurone, but in the present experiments 
could contribute to the instability of the neurone.
The effect of 15 min exposure to 10'4 M McN-A-343 on the outward 
currents evoked in the first basalar motoneurone (n=2) is displayed in Figure 4.9. 
The amplitude of the sustained outward current was reduced, and there was an 
inward shift in the holding current.
The I/V relationship in the presence of McN-A-343 is shown in Figure 
4.9b, and the McN-A-343-induced cuiTent is shown in Figure 4.9c. The I/V 
relationship illustrates that the isolated cell body, like the intact cell, shows 
rectification positive to -40 mV. At potentials negative to -40 mV an inwaid 
current was produced, which increased from a minimum at -60 mV as tlie 
command potential became more negative. During 15 min exposure to agonist, 
this current component increased; the maximum amplitude reached at -100 mV 
was 5 or 20 nA. A larger inward cunent was evoked at potentials more positive 
than -40 mV. This current component increased as the command potential was 
made more positive. In the presence of McN-A-343 the amplitude of the current 
increased and reached an amplitude of 50 or 75 nA at 0 mV after 15 min. In the 
preparation shown here, a small (3 nA) outward current was evoked after 1 min at 
-40 and -30 mV, which was not observed in the other preparation. When the effect 
of McN-A-343 on an isolated cell body is compared with the McN-A-343-induced 
current in an intact preparation at a holding potential of -80 mV (Figure 5.6) there
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Figure 4.9a. The effect of 15 min exposure to 10""^  M McN-A-343 on the current 
evoked in a hmctionally isolated cell body by stepping the membrane from a 
holding potential of -80 mV to command potentials of -20 and 0 mV. McN-A-343 
decreased the amplitude of the sustained outward current, and induced an inward 
shift in the holding current in both preparations.
Scale: vertical 50 nA 
horizontal 50 ms
Figure 4.9b. The currents evoked in the isolated cell body in (a) were measured 
after 50 ms and used to construct an I/V relationship of the neurone in the absence 
and presence (5,15 min) of 10“^  M McN-A-343.
Figure 4.9c. The McN-A-343-induced current obtained from the preparation in 
(b). An inward current was evoked at potentials negative to -40 mV, which 
increased in amplitude over the 15 min period of exposure to agonist. A larger 
inward current was produced at more positive potentials.
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is little difference, implying that these receptors must be located on the soma 
membrane.
4.3. DISCUSSION
The data presented here confirm that there is a population of a- 
bungarotoxin-resistant cholinergic receptors on the first basalar motoneurone of 
the locust, Schistocerca gregaria. They are activated by the cholinergic agonists 
carbachol, muscarine, McN-A-343 and nicotine, and thus appear to have a 'mixed' 
cholinergic pharmacology.
An inward current was evoked in the motoneurone when the membrane 
potential was stepped to potentials more negative than the holding potential. At 
command potentials more positive than the holding potential an outward current 
was evoked. In approximately 50 % of cells, the outward current consisted of a 
relaxation that gave way to a sustained outward current. The currents evoked in 
the remainder of cells exhibited an initial transient current preceding the sustained 
outward current. The transient component of the outward current was activated at 
potentials positive to -40 mV, and increased in amplitude as the command 
potential was moved further from the holding potential. The transient current 
recorded in motoneurone Df of the cockroach (David & Pitman, in preparation) 
showed similar voltage dependency, and increased in amplitude with increasing 
command potential to a maximum at 20 mV before decreasing. A transient 
current, activated at command potentials more positive than -60 to -40 mV, was 
also recorded from the basalaiVcoxal depressor motoneurone of the cockroach by 
Nightingale & Pitman (1989). The amplitude of the transient could be increased 
by applying a hypeipolarising prepulse as negative as -140 mV, and also by 
increasing the command potential.
The cholinergic agonists applied to the motoneurone all decreased the 
amplitude of both the sustained current and the transient current. The sustained 
outward cunent of the first basalar motoneurone could be compared to the M- 
current: a non-inactivating, voltage-sensitive current that is inhibited by
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muscarine (the M-current is also inhibited by substances such as bradykinin and 
LHRH: see Introduction, 1.3.1.5.). It was first described in bullfrog sympathetic 
neurones (Brown & Adams, 1980) and has since been identified in several 
vertebrate preparations including rat sympathetic neurones, hippocampal cells, 
human neocortical cells, spinal motoneurones, NG108-15 cells and toad smooth 
muscle (reviewed by Brown, 1988). The current is activated by stepping the 
membrane to command potentials more positive than the resting potential. In the 
presence of muscarinic agonists, the M-current is inhibited, leading to a decrease 
in the outward cunent. Thus the muscarinic agonist-sensitive current recorded 
from the first basalar motoneurone may be analogous to the M-current of 
vertebrate cells; if so, it would be the first invertebrate example. However, the 
kinetics of the M-current are slower than those of the muscarinic-agonist-sensitive 
current recorded from the first basalar motoneurone. Further analysis of the 
current, including the second messengers involved, is required to confirm whether 
it is comparable to the vertebrate M-current. Muscarinic agonists also decreased 
the transient outward current in cultured rat hippocampal neurones (Nakajima et 
al, 1986) and bullfrog sympathetic neurones (Kurenny et al, 1994). However, 
muscarinic agonists increased the amplitude of the transient in rat neostriatal 
neurones (Akins et al, 1990).
The cuiTents evoked in the motoneurone were measured after 50 ms and 
the amplitudes used to construct an I/V relationship for the cell. The current 
evoked at potentials more negative than -40 mV was small, generally a few nA in 
amplitude. At potentials positive to -40 mV the I/V relationship shows strong 
rectification and a large outward current is evoked in the neurone.
The cholinergic agonists applied to the neurone all had a similai* effect. At 
membrane potentials between -100 and 0 mV an inward current was evoked. A 
small current was induced negative to -40 mV, which increased at more positive 
potentials. The current was time dependent, and generally increased over 15 min
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exposure to agonist; in some preparations at potentials negative to -40 mV, 
however, a maximum was reached after 5 or 10 min, after which the amplitude of 
the current began to decrease. This could suggest the involvement of a second 
messenger, and the decrease in current amplitude could be due to its 
sequestration, degradation or turnover. The greatest effect of the agonists was at 
potentials more positive than -40 mV, the region of the I/V relationship exhibiting 
strong outward rectification. In approximately 50 % of the preparations tested, the 
inward current at potentials positive to -40 mV was preceded by an outward 
current. This current decreased until after 5 or 10 min when it reversed and 
became inwardly directed. The dual effect of the agonists at potentials more 
positive than -40 mV suggests that McN-A-343 modulates two currents over this 
potential range: an outward current which is evoked within 1 min of receptor 
activation, and a more slowly-developing inward current. The ionic currents 
involved in the response to muscarinic agonists are investigated in the following 
chapter.
The results from the previous chapter showed that the a-BTX-resistant 
receptors on the first basalar motoneurone have a muscarinic pharmacology 
because the response to exogenous ACh could be reduced by muscarinic 
antagonists. The experiments presented here confirm this result because the 
muscarinic agonists muscarine and McN-A-343 decreased the amplitude of the 
outward current evoked in the neurone. In addition, the McN -A-343-induced 
current could be blocked by the muscarinic antagonist scopolamine, verifying that 
this agonist is acting on muscarinic receptors. It is assumed that muscarine and the 
non-selective cholinergic agonist carbachol are acting on the same receptors 
because of the similarity of the drug-induced currents. However, unlike the 
'classical' muscarinic receptors described in vertebrate preparations, these 
receptors also respond to nicotine, and are therefore more correctly described as 
'mixed' cholinergic receptors. This effect of nicotine could not be attributed to an
95
action on nicotinic receptors that remained unblocked by a-BTX, or to a non­
specific action on non-cholinergic receptors because the response was blocked by 
scopolamine. Many of the examples of 'mixed' cholinergic receptors described so 
far are in invertebrate preparations, for example the cockroach motoneurone Df 
(David & Pitman, 1993a), locust central neurones (Benson, 1992) and housefly 
heads (Aziz & Eldeffawi, 1973). Benson (1992) has described cholinergic 
receptors on isolated, unidentified neurones of Locusta which are activated by 
nicotine and can be blocked by the muscarinic antagonists HHSiD and 4-DAMP. 
However, the receptors are also blocked by a-BTX, so cannot be directly 
compared with the receptors on the first basalar motoneurone or the other 
examples described above. 'Mixed' cholinergic receptors have also been found in 
vertebrate preparations such as bovine cliromaffin cells (Shirvan et al, 1991) and 
frog tadpole skin (Cox, 1993). It is quite possible that receptors in other 
preparations which have been assumed to be 'classical' muscarinic receptors also 
respond to nicotinic agonists, but the effect of these agents upon the receptors has 
never been studied.
In most of the experiments presented here, the currents evoked in the 
presence of the agonists did not return to control values after washing with fresh 
saline. The rate of saline flow during washing was relatively slow in these 
experiments; however, recovery could be demonstrated by increasing the flow 
rate, as in the experiments in which the effect of scopolamine on the currents 
evoked by McN-A-343 (Figure 4.7), and the input resistance and spike threshold 
were measured (Chapter 3). A long period of time was required for the currents to 
return to the control amplitude: measurements were taken after 1 h. This proves 
that the decrease in current amplitude caused by the drugs was not due to cell 
death. David & Pitman (1993a) showed recovery from agonist application in 
motoneurone Df after the addition of cholinergic agonists at a concentration of 
lO'^M, although it required over 40 min to return to control values. They
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suggested that the long period required for recovery was indicative of the 
involvement of a second messenger. Applying the agonist for 15 min, as in the 
experiments presented here, may have caused near maximal stimulation of the 
enzyme synthesising the second messenger with the result that a very large 
amount of second messenger would be produced under these conditions. If the 
rate of synthesis is greater than the rate of breakdown, accumulation of the second 
messenger will occur. When the agonist is removed, the second messenger 
concentration would be far higher than normal physiological levels, and would 
take a relatively long time to return to the basal level. This may result in the 
effects of the agonist outlasting the period of drug application. Indeed, Felder et al 
(1989) found that the carbachol-stimulated increase in the levels of second 
messengers in A9 L cells was sustained for at least 15 min after removal of the 
agonist.
The 'mixed' cholinergic receptors described in this study appear to be 
present on the soma membrane of the first basalar motoneurone, since the McN- 
A-343-induced current recorded from an isolated cell body was similar to that 
evoked in an intact cell. There are no known examples of chemical synapses onto 
the cell bodies of insect neurones, but several studies have demonstrated that 
neurones respond to ionophoretically-applied neurotransmitters, which is 
persuasive evidence for the presence of receptors on the cell body of neurones 
(see Pitman, 1985 for review). In addition, experiments on somata freshly isolated 
from locust ganglia have demonstrated the presence of somatic receptors (there 
are no reports of similar experiments in other insect species). ACh receptors are 
present on the isolated cell bodies of Locusta (Benson, 1992) and Schistocerca 
(Usherwood et al, 1980; Suter & Usherwood, 1985). GAB A receptors have been 
found on isolated somata of Schistocerca (Giles & Usherwood, 1985; Lees et al, 
1987; Whitton et al, 1994) and Locusta (Lees et al, 1987). L-glutamate 
(Usherwood et al, 1980; Giles & Usherwood, 1985), octopamine (Usherwood et
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al, 1980; Suter, 1986) and serotonin (Usherwood et al, 1980; Bermudez et al, 
1992) receptors are also present on isolated somata of Schistocerca. The question 
arises from these data, what is the function, if any, of these extrasynaptic 
receptors? A possible explanation is that the receptors are newly-synthesised, and 
are transported in the cell membrane from the cell body to the synapses. They 
would therefore be unlikely to be functional, somatic receptors. However, the 
possibility also exists that somatic receptors could be available to respond to 
neuromodulatory compounds more widely released throughout the ganglion.
SUMMARY
When the membrane potential was stepped from a holding potential of 
-50 mV to more negative potentials, small, square, inward currents were 
produced. At potentials positive to -50 mV outward currents were evoked. The 
addition of agonist decreased the amplitude of the sustained outward current; if a 
transient outward current was recorded under control conditions it was decreased 
by the agonists.
The four cholinergic agonists applied to the first basalar motoneurone had 
similar effects on the amplitudes of the evoked currents and the responses showed 
a characteristic time dependency. At potentials negative to -40 mV an inward 
current was induced in fifteen out of sixteen preparations, and an outward current 
in one. The inward current increased during exposure to drug, and in about half 
the neurones, reached a maximum after 5 or 10 min before decreasing. The 
amplitude of this current was generally small, between 5 and 10 nA, but could 
sometimes be as large as 35 or 40 nA. When the membrane was stepped to more 
positive potentials a large inward current was evoked by each agonist, which 
increased in amplitude over the 15 min exposure to agonist. Seven of these cells 
exhibited an initial outward cuirent at these potentials, which over the first few 
minutes of drug application, decreased and became inwardly directed. The inwai'd
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current was usually between 30 and 60 nA, although in four preparations it was as 
large as 100 nA.
The response to McN-A-343 can be blocked by the muscarinic antagonist 
scopolamine, implying that the drug-induced current is a result o f the agonist 
binding to muscarinic receptors, rather than a non-specific effect. In addition, 
scopolamine blocks the nicotine-induced current, supporting the theory that the 
'muscarinic' receptors of the motoneurone have a 'mixed* cholinergic 
pharmacology. These receptors are present on the soma membrane of the 
motoneurone.
These experiments demonstrate that muscarinic stimulation of the first 
basalar motoneurone results in the production of an inward current. This can be 
interpreted as either the activation of an inward current or the inhibition of an 
outward current. The fact that in some preparations an initial outward current is 
evoked suggests that two currents may be involved in the response of the 
motoneurone to muscarinic agonists. This is investigated in the following chapter.
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CHAPTER 5
Ionic mechanism of a-BTX-resistant cholinergic 
receptor-mediated current, and the possible 
involvement of cAMP and Ca2+ in signal 
transduction
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5.1. INTRODUCTION
Muscarinic cholinergic receptors are not directly coupled to ion channels, 
and therefore must bind to and activate G proteins to effect a change in membrane 
conductance (Hulme et al, 1990). In the majority of known examples, the 
activated G protein modulates the production of diffusible second messengers 
which in turn modulate membrane ion channels. However, muscarinic inhibition 
of a class of K+ channel located in cardiac muscle is caused by the binding of an 
activated G protein directly to the channel and does not involve a diffusible 
second messenger (Sakmann et al, 1983; Noma, 1986).
Muscarinic receptors which activate second messenger pathways, 
generally produce either an increase in PI turnover or a decrease in adenylate 
cyclase activity (Nathanson, 1987; Hulme et al, 1990). This has been confirmed 
by expression studies in which reconstituted vertebrate muscarinic receptor 
subtypes couple preferentially to either stimulation of PI? 2  hydrolysis (mj ,^ m3 , 
m^) or inhibition of adenylate cyclase activity (m2 , m^) (Fukuda et al, 1988; 
Peralta et al, 1988; Pinkas-Ki*amarski et ai, 1988; Liao et al, 1989). There have 
also been reports of muscarinic receptor-mediated increases in cAMP levels in rat 
olfactory bulb (Olianas & Onali, 1990), human neuroblastoma cell lines SK-N-SH 
(Baumgold & Fishman, 1988; Baumgold et al, 1992) and SH-SY5Y (Jansson et 
al, 1991) and canine iris smooth muscle (Tachado et al, 1994). This apparent 
adenylate cyclase stimulation, however, appears to be produced indirectly, since 
Jansson et al (1991) and Tachado et al (1994) have found that carbachol- 
stimulated cAMP accumulation could be reduced by the addition of protein kinase 
C inhibitors (Jansson et al, 1991) or intracellular injection of the Ca^^ chelator 
BAPTA (Jansson et al, 1991; Tachado et al, 1994); cAMP formation therefore 
appears to be secondary to PIP2  hydrolysis. However, in SK-N-SH human 
neuroblastoma cell lines, where muscarinic receptors are coupled to PIP2  
hydrolysis, carbachol-stimulated cAMP accumulation appears to be independent
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of both Ca2+ and protein kinase C, because neither intracellular BAPTA 
(Baumgold et al, 1992) nor activation of protein kinase C by phorbol esters 
(Baumgold & Fishman, 1988) affected cAMP formation. Further evidence for 
muscarinic receptor-mediated enhancement of adenylate cyclase activity occurring 
independently of PIP2  hydrolysis comes from work on rat olfactory bulb, where 
cAMP accumulation is unaffected by either intracellular Ca^+ buffering or 
phorbol esters (Olianas & Onali, 1990).
In the insect CNS, there is evidence for muscarinic receptor mediated- 
modulation of either adenylate cyclase activity or PI turnover in different 
preparations. Muscarinic agonists decrease cAMP levels and increase PIP2  
hydrolysis in the supraoesophageal ganglia of locusts (Trimmer & Berridge, 1985; 
Qazi & Lunt, 1991) and whole nerve cords of Manduca (Qazi & Trimmer, 1993). 
PIP2  hydrolysis is also enhanced by muscarinic agonists in whole nerve cords of 
the cockroach (David & Pitman, 1994) and mouse Y1 adrenal cells (Shapiro et al, 
1989) and COS-7 cells (Blake et al, 1993) expressing cloned Drosophila 
muscarinic receptors. Experiments carried out on locust synaptosomes have 
shown that activation of the muscarinic receptors results in a decrease in cAMP 
accumulation (Knipper & Breer, 1988). The inward current evoked by muscarinic 
agonists in motoneurone Of of the cockroach is mimicked by the addition of 
dibutyiyl cAMP, a membrane-permeable analogue of cAMP, suggesting that the 
current may be mediated by an increase in adenylate cyclase activity (David & 
Pitman, 1991, 1993b).
Muscarinic receptor activation results in the modulation of membrane 
conductance; different ion channels may be affected in different types of neurone, 
including Ca^+ and K"*" channels. Muscarinic receptor activation enhances the 
Ca2+ current in the human neuroblastoma cell lines SH-SY5Y (Murphy et al, 
1991) and NlE-115 (Mathes & Thompson, 1994) and guinea-pig ventricular 
myocytes (Gallo et al, 1993). Inhibition of a K*** current may be an indirect effect 
due to a decrease in the Ca2+ cuiTent which causes a reduction of the Ca^+-
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dependent K+ current (Brezina, 1988, David & Pitman, 1993b, 1995). 
Alternatively, the Ca^+-dependent current can also be inhibited by muscarinic 
agonists directly, independent of an effect on intracellular free Ca2 + concentration, 
as described in rat hippocampal neurones (Knopfel et al, 1990). Muscarinic 
receptors mediate suppression of the voltage-dependent M-current found in many 
vertebrate excitable cells including bullfrog sympathetic ganglion neurones, 
NG108-15 human neuroblastoma cell lines, rat sympathetic neurones, 
hippocampal cells, human neocortical cells, and toad smooth muscle (reviewed by 
Brown, 1988). Muscarinic agonists also decrease the conductance of 
cockroach giant intemeurones (Le Corronc & Hue, 1993), lobster pyloric 
neurones (Nagy et al, 1985) and crayfish motoneurones (Cattaert et al, 1994).
The experiments described in Chapter 4 showed that activation of a 
population of a-BTX-insensitive cholinergic receptors on the first basalar 
motoneurone resulted in the production of an inward current, and in some 
neurones, an initial outward current. The experiments in this section were 
performed to establish whether cAMP may be involved in mediating the response 
to activation of the 'mixed' receptors, and if the apparent inward current evoked by 
muscarinic agonists is due to the production of an inward current or the inhibition 
of an outward current. In the latter context, the effects of the muscarinic agonist 
McN-A-343 on the Ca2+ and currents of the neurone were studied. The effect 
of receptor activation on the release of intracellular Ca^+ was also examined by 
loading the motoneurone with the Ca^ '*' chelator BAPTA. The holding potential 
was increased from -50 to -80 mV for the majority of the experiments, therefore a 
comparison of the currents evoked by stepping the membrane from both -50 and 
-80 mV was caiTied out, and the current evoked by McN-A-343 in a cell held at 
-80 mV was measured.
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5.2. RESULTS
5.2.1. F.FFKCT OF INCREASING INTRACELLULAR cAMP
The concentration of intracellular cAMP can be increased by applying a 
membrane permeable analogue such as dibutyryl cAMP, or by adding 
theophylline, a phosphodiesterase inhibitor which prevents the breakdown of 
endogenous cAMP. Both methods were employed, and the drugs were applied for 
15 min to compare the currents evoked under these conditions with those 
produced by the muscarinic agonists.
5.2.1.1. Dibutyryl cAMP
A typical response to externally applied dibutyryl cAMP (lO"^ M; n=3) is 
shown in Figure 5.1. The holding potential was -50 mV. The amplitude of the 
sustained outward current decreased after 15 min (Figure 5.1a), and there was an 
inward shift in the holding current.
The effect of dibutyryl cAMP on the W  relationship of the neurone is 
shown in Figure 5.1b, and the voltage-dependence of the dibutyryl cAMP-induced 
current in Figure 5.1c. At potentials negative to -40 mV an inward current was 
evoked, which, after 5 min exposure to drug, increased from a minimum at -40 
(n=2; Figure 5.1.) or -60 mV (n=l) to a maximum at -100 mV. The current 
evoked after 1 min is essentially constant over this voltage range. In two 
preparations, this current component increased over 15 min, and in the third a 
maximum was reached at 10 min, after which it decreased. The maximum 
amplitude attained at -100 mV was 20 0 ± 4-7 nA (n=3). An inward current was 
also evoked at membrane potentials positive to -40 mV in all preparations, 
increasing as the command potential was stepped further from -50 mV. This 
current component increased during exposure to dibutyryl cAMP. After 15 min, 
the amplitude reached 85 3 ± 14 9 nA (n=3) at a command potential of 0 mV. In 
two neurones, including the example shown in Figure 5.1c, this current
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Figure 5.1a. The effect of 15 min exposure to 10"  ^M dibutyryl cAMP on the 
current evoked by stepping the membrane to -40, -20 and 0 mV from a holding 
potential o f -50 mV. There was an inward shift in the holding current, and a 
decrease in the amplitude of the sustained outward current in all preparations.
Scale: vertical 20 nA (i)
50 nA (ii, iii) 
horizontal 1 0 0  ms
Figure 5.1b. The currents evoked in the motoneurone in (a) were measured after 
50 ms (arrow in (a)) and used to construct an W  relationship of the neurone in the 
absence and presence (5,15 min) of 10"  ^M dibutyryl cAMP.
Figure 5.1c. The dibutyryl cAMP-induced current obtained from the preparation 
in (b). A relatively small, inward current was evoked at potentials negative to 
-40 mV. An inward current, which increased during exposure to dibutyryl cAMP, 
was induced positive to -40 mV. In this preparation, an outward current was 
evoked after 1 min exposure at potentials positive to -40 mV, which reversed and 
was inwardly directed after 5 min.
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component was preceded by an outward current, with an amplitude of 10 nA at 
0 mV after 1 min; after 5 min this current had reversed and become inward.
5.2.I.2. Theophylline
The action of lO '^M  theophylline (n=4), which was similar to that of 
dibutyryl cAMP, is shown in Figure 5.2. As Figure 5.2a shows, the sustained 
outward current was reduced after 15 min exposure to theophylline. In 
preparations in which a transient current was evoked under control conditions 
(-40 mV, n=l; -20 mV, n=3; 0 mV, n=4), the addition of theophylline decreased 
the amplitude. Theophylline also induced a small inward shift in the holding 
current.
Figure 5.2b shows the effect of lO'^M  theophylline on the W  
relationship, and Figure 5.2c shows the theophylline-induced current. At all 
potentials between -100 and OmV an inward current was produced, with a 
minimum amplitude at -60 (n=l) or -40 mV (n=3) but increasing as the membrane 
was stepped further away from the holding potential. At potentials between -100 
and -40 mV this current component generally increased during exposure to 
theophylline (in the preparation shown in Figure 5.2b & c, however, there was no 
current evoked at -100 or -60 mV); after 15 min the current evoked at -100 mV 
was 16*3 ± 3-7 nA (n=4). At command potentials more positive than -40 mV the 
inward current increased continually over the 15 min period of drug application. 
The amplitude of this current component when the membrane was stepped to 
OmV was 53-8 ± 13 6  nA (n=4). Unlike cAMP, theophylline did not evoke an 
initial outward current at potentials positive to the holding potential.
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Figure 5.2a. The effect of 15 min exposure to 10"  ^M theophylline on the current 
evoked by stepping the membrane from -50 mV to -20 and 0 mV. The amplitudes 
of both the sustained outward current and the transient current (-20 mV, n=3; 
OmV, n=4) were decreased in ail preparations after 15 min exposure to 
theophylline. Theophylline evoked an inward shift in the holding current.
Scale: vertical 50 nA 
horizontal 1 0 0  ms
Figure 5.2b. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an IfV  relationship of the neurone in the absence and 
presence (5,15 min) of 10"  ^M theophylline (different preparation to (a)).
Figure 5.2c. The theophylline-induced current obtained from the preparation in 
(b). A relatively small, inward current was evoked at potentials negative to 
-40 mV. An inward current, which increased during exposure to theophylline, was 
induced positive to -40 mV.
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5.2.2. EFFECT OF THE HOLDING POTENTIAL ON THE CURRENTS 
FVOKFP TN THE FIRST BASALAR MOTONEURONE
In the following experiments investigating the ionic mechanism of the 
response to muscarinic stimulation of the first basalar motoneurone, the holding 
potential was increased from -50 mV to -80 mV, and the pulse duration decreased 
from 250-300 ms to 50-100 ms. The mean membrane potential varied between 
approximately -45 and -60 mV, therefore a holding potential of -50 mV was 
selected. Although this is slightly more depolarised than the membrane potential 
in some neurones, it was satisfactory in the previous experiments investigating the 
response to cholinergic agonists in normal saline. However, the experiments 
described here investigated the properties of the cell after blocking Ca^+ or 
channels. This procedure may perturb the ionic gradients across the cell 
membrane, and the impaled neurone will be more unstable and susceptible to 
death. It is possible that at a holding potential of -50 mV there are some voltage- 
dependent ion channels open, which would contribute to the instability of the cell.
Increasing the holding potential to -80 mV will result in a greater proportion of 
these ion channels being closed. In addition, decreasing the pulse duration from 
250-300 ms to 50-100 ms will reduce the ion flow across the membrane, therefore 
limiting the redistribution of ions.
The membrane was held at -80 mV and stepped to potentials between -100 
and 0 mV. The evoked currents were measured after 50 ms to construct an I/V 
relationship for each neurone. In previous experiments, command potential 
increments were 20 mV as this was deemed sufficient to study the drug-induced 
currents in the motoneurone. However, initial experiments investigating the II
currents evoked in the neurone in the presence of Ba^+, TEA+ and Cs+ ions (see
Figure 5.7) revealed a current which was produced over a limited potential range; }
Ito allow a more comprehensive study of this current, the command potential j
increments were decreased to 10 mV. !
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To determine whether the increase in holding potential affects the currents 
evoked in the motoneurone, IfV  relationships obtained from holding potentials of 
-50 and -80 mV were compared (n=4). The effect of increasing the holding 
potential on the currents evoked in two typical neurones is shown in Figure 5.3. 
When the holding potential was increased from -50 to -80 mV, there was an 
inward shift in the holding current, shown in Figure 5.3 by the dotted lines. At a 
holding potential of -50 mV three preparations exhibited no outward transient at 
command potentials positive to the holding potential (Figure 5.3ai); in the fourth, 
a transient was present at 0 mV (Figure 5.3bi). However, increasing the holding 
potential to -80 mV increased the amplitude of the net outward current and 
elicited a transient (Figure 5.3an, 0 mV; Figure 5.3bii, -20 mV), or increased the 
amplitude of the transient (Figure 5.3bii, 0 mV), in all four cells.
Experiments were performed on a total of 26 neurones at a holding 
potential of -80 mV, and typical currents evoked under control conditions are 
shown in Figure 5.4. The currents were similar to those recorded at a holding 
potential of -50 mV (Figure 4.1): currents evoked between -100 and -60 mV were 
square-shaped (n=26), and were inwardly directed at command potentials negative 
to the holding potential and outwardly directed at more positive potentials. At 
potentials positive to -40 mV, the current evoked in several neurones consisted of 
an outward relaxation that gave way to a non-inactivating outward current. This 
was recorded at command potentials of -40 (n=22), -20 (n=19) and 0 mV (n=12), 
and a typical example is shown in Figure 5.4a. At 0 mV, the sustained outward 
current was reached within 20 ms. At -40 (n=12) and -20 mV (n=5) a steady-state 
was not reached. The outward cuiTents in the remaining preparations consisted of 
an initial transient outward cunent preceding the sustained outward current, as 
shown in Figure 5.4b. A transient current was recorded at -40 (n=4), -20 (n=7) 
and 0 mV (n=14). The duration of the transient current evoked at 0 mV was 
between 10 and 20 ms with an amplitude of 15 to 25 nA.
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Figure 5.3. The effect of the holding potential on currents evoked by stepping the 
membrane from -50 mV (Figures ai & ii) or -80 mV (Figures bi & ii) to -100, -40, 
-20 and 0 mV in two different neurones. Increasing the holding potential from -50 
to -80 mV increased the amplitude of the outward currents evoked at -40, -20 and 
0 mV but had no effect on the inward current evoked at -100 mV. There was an 
inward shift in the holding current when the holding potential was increased, as 
shown by the dotted lines. In cells in which no transient current was evoked when 
the cell was stepped from a holding potential of -50 mV, a transient current 
became apparent when the holding potential was increased to -80 mV (Figure a, 
0 mV; b, -20 mV); when a transient current was present on jumping from -50 mV, 
it increased when the holding potential was made more negative (Figure b, 0 mV).
Scale: vertical 100 nA (a)
200 nA (b) 
horizontal 25 ms
ai -50 mV ail -80 mV
0 mV
-20 mV0 mV
-20 mV
\ j - 40 raV -40 mV
-100 mV-100 mV
bi -50 mV bii -80 mV
0 mV
0 mV
-20 mV
-20 mV
-40 mV -40 mV
-100 mV-100 mV
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Figure 5.4. CuiTents evoked in the first basalar motoneurone by stepping the 
membrane from a holding potential of -80 mV to -100 mV, -40 mV, -20 mV and 
OmV. Inward currents evoked at -100 mV were small and appeared square­
shaped; however, outward currents produced at potentials positive to the holding 
potential varied between preparations. The arrow in (a) shows the point at which 
current amplitude was measured to construct the I/V relationships of each 
neurone.
Figure 5.4a. The outwai'd cunents produced in this cell exhibited an outward 
relaxation into a non-inactivating outward current. This was recorded at -40 
(n=22), -20 (n=20) and 0 mV (n=12). The steady state current was reached within 
20 ms at 0 mV.
Figure 5.4b. The sustained outward current could be preceded by a transient 
outward current, with a duiation at 0 mV of between 10 and 20 ms and amplitude 
of 15 to 25 nA. A transient current was recorded at -40 (n=4), -20 (n=6 ) and 0 mV 
(n=I4).
Scale: vertical 100 nA 
horizontal 25 ms
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The effect of changing the holding potential on the I/V relationship is 
shown in Figure 5.5. There was no significant effect at potentials negative to 
-50 mV, but increasing the holding potential to -80 mV increased the amplitude of 
the currents evoked by stepping the membrane to potentials positive to -50 mV.
Increasing the holding potential to -80 mV caused rectification to occur at a more 
negative potential (n=4): when the neurone was held at -50 mV rectification 
occurred at -40 mV, whereas when the holding potential was increased to -80 mV 
it occurred closer to -50 mV.
These data illustrate that increasing the holding potential from -50 to 
-80 mV increases the amplitude of the currents evoked at command potentials 
more positive than -40 mV. This is unlikely to affect the interpretation of the 
following experiments when they are compared with the results from the previous 
chapter.
5.2.3. CURRENTS EVOKED BY McN-A-54.^ TN A NEURONE AT A 
ROT.DTNG POTENTIAL OF -80 mV
In these experiments the M l subtype-selective muscarinic agonist McN-A- 
343 (10-4 M) was employed rather than the non-selective cholinergic agonist 
carbachol: this avoided the requirement to block the nicotinic receptors by 
pretreatment with a-BTX. Typical results are shown in Figure 5.6. After 15 min
exposure to 10-4 M McN-A-343, the amplitude of the sustained outward current I
1
decreased in all preparations (n=5); if a transient current was present prior to the I
addition of agonist, exposure to the drug decreased the amplitude at both - 2 0  and j
.1
0 mV (n=2; Figure 5.6.a). A fifteen minute exposure to McN-A-343 induced an ]
inward shift in the holding current.
The effect of 10"4m  McN-A-343 on the I/V relationship is shown in 
Figure 5.6b, and the McN-A-343-induced current is shown in Figure 5.6c. McN- 
A-343 evoked an inwai’d current at all command potentials between -100 and 
0 mV (n=5). At potentials negative to approximately -40 mV, the inward current
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Figure 5.5. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an I/V relationship of the neurone at two different holding 
potentials, -50 mV and -80 mV. The holding potential had no effect on the I/V 
relationship at command potentials negative to -50 mV. Rectification occurred at a 
more negative potential when the cell was held at -80 mV.
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Figure 5.6a. The effect of lO'^ M McN-A-343 on the current evoked by stepping 
the membrane from a holding potential of -80 mV to -20 and 0 mV. After 15 min 
exposure to McN-A-343, the amplitude of the sustained current, and the transient 
outward current evoked at -20 mV and 0 mV (n=2) in two preparations, were 
decreased. The agonist also produced an inward shift in the holding current.
Scale: vertical 100 nA 
horizontal 25 ms
Figure 5,6b. The currents evoked in the motoneurone were measured after 50 ms 
(arrow) and used to construct an I/V relationship of the first basalar motoneurone 
in the absence and presence (5 min, 15 min) of 10'^ M McN-A-343 (different 
preparation to (a)). Currents were measured after 50 ms.
Figure 5.6c. The McN-A-343-induced current in a cell at a holding potential of 
-80 mV, obtained from the preparation in (b). The agonist evoked an inward 
current at all potentials: small in amplitude at potentials negative to -40 mV in this 
example, and increasing in size at more positive potentials. The evoked current 
increased during the 15 min of exposure to agonist.
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was relatively voltage-independent. During exposure to agonist, this current 
component increased over 15 min. The maximum current amplitude reached at 
-100 mV after 15 min was 6  0 ± 1*6 nA (n=5). The inward current produced at 
potentials more positive than -40 mV was larger than that evoked at potentials 
negative to -40 mV, and increased as the command potential became less 
negative. This current component was also time-dependent and increased in 
amplitude over the 15 min period of exposure to agonist. After 15 min the 
magnitude of the current evoked at 0 mV was 48 0 ± 14-8 nA (n=5).
This experiment shows that the McN-A-343-induced current at a holding 
potential of -80 mV is similar to that produced in a cell held at -50 mV (Figure 
4.5). However, whereas an initial outward current was produced at command 
potentials positive to -40 mV in approximately 50 % of the preparations held at 
-50 mV, it was not observed when the holding potential was increased to -80 mV. 
This implies that the holding potential has little effect on the current induced by 
McN-A-343.
5.2.4. TONIC BASIS OF THE INWARD CURRENT EVOKED BY McN-A- 
343
The inward current evoked by McN-A-343 may be due to the opening of 
channels which allow an inward flow of current such as Ca '^*', Na'*' or or the 
closure of channels carrying an outward current (for example K+ or Cl"). These 
two possibilities were examined by blocking K'*' and Ca^+ charmels respectively. 
The modulation of other ion currents by McN-A-343 was not examined because 
the results of the experiments described here suggested that were the current 
carrying ions.
5.2.4.1. Modulation of a current
The Ca2+ curr ents of a cell can be observed under conditions in which K'*' 
currents are blocked with extracellular Ba "^^  (an equimolai* replacement of Ca^+
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with Ba2+) and TEA^ (40 mM). K+ current block can be further increased by 
injecting the cell with Cs**" by filling the electrodes with 2 M CsCl.
The effect of blocking the channels of the neurone on the evoked 
currents is shown in Figure 5.7 (n=3). Using electrodes filled with 2 M KAc, the 
currents evoked at command potentials positive to the holding potential exhibited 
an outward relaxation into a non-inactivating outward current (Figure 5.7a). The 
electrodes were then replaced with two containing 2  M CsCl, and the normal 
bathing solution replaced by one containing 4 mM Ba^^ and 40 mM TEA+. The 
outward currents were greatly reduced and a steady state was reached within ten 
minutes of changing the bathing medium. During this time, the membrane was 
stepped to 0 mV (50 ms; 1 Hz) to promote the entry of Cs"*" ions into the cell. The 
effect of B a^ \ TEA'*' and Cs+ on the evoked currents is shown in Figure 5.7b. 
There was no effect on the amplitude of the currents evoked at -100 mV, but the 
outward currents evoked at -40, -20 and 0 mV were greatly reduced and were 
inward at -20 (n=3). At -20 mV the inward current showed inactivation (n=3), 
which decreased as the command potential was moved away from -20 mV; at -40 
and 0 mV the current appeared square.
The effect of Ba2+, TEA+ and Cs+ on the I/V relationship of the 
motoneurone (n=3) is illustrated in Figure 5.7e. There is no effect on the currents 
evoked between -100 and -60 mV. At potentials more positive than -60 mV, the 
amplitude of the outward current is greatly reduced, and an inward current 
develops at potentials positive to -50 mV. The maximum amplitude of this inward 
current occurred at a command potential of - 2 0  mV; at more positive potentials 
the current decreased in size. In one preparation the cuiTent remained inwardly 
directed at all potentials, but in the other two preparations the current became 
outward at either -10 (n=l) or 0 mV (n=l; Figure 5.7). The I/V relationship in the 
presence of Ba^+, TEA+ and Cs+ can be seen more clearly in Figure 5.7f.
To examine whether this inward current was caused by Ba^+ entry through 
Ca2+ channels, the Ca2+ channel blocker verapamil (100 qM) was applied to the
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Figure 5.7. The effect of blocking K.'"' channels with 4 mM Ba^+, 40 mM TEA+ 
and 2 M Cs+ on the currents evoked in the motoneurone at a holding potential of 
-80 mV.
Figure 5.7a. Control currents recorded with 2 M KAc-containing electrodes prior 
to the addition of 4 mM Ba2+ and 40 mM TEA"*". The currents were obtained by 
stepping the membrane from the holding potential of -80 mV to -100, -40, -20 and 
0 mV. Outward currents exhibited an outward relaxation into a non-inactivating 
current.
Figure 5.7b. Currents evoked in the same cell after replacing the electrodes with 
two containing 2 M CsCl, and changing the saline to that containing 4 mM Ba^+ 
(Ca2+-free saline) and 40 mM TEA+, the outward currents were greatly reduced at 
-40, -20 and 0 mV, and were inwardly directed -20 (n=3) and 0 mV (n=l). In one 
preparation, the current remained inward, but in the remaining two, the current 
reversed at either -10 (n=l) or 0 mV (n=l). The inward current evoked at -20 mV 
showed inactivation, which decreased as the command potential was moved 
further from -20 mV. The current evoked at a command potential of -40 mV has 
been omitted from the figure for clarity due to a high level of oscillation which 
masked the other currents. There was no effect on the currents evoked at -100 mV.
Figure 5.7c. The inward current is a Ba^+ current because it can be reduced by the 
addition of 100 pM verapamil. As well as a decrease in the amplitude of the 
inward current, the current inactivation observed at -20 mV decreased.
Figure 5.7d. The effect of verapamil was reversible when the cell was washed 
with Ba^V TEA'*' saline.
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Figure 5.7e. The effect of blocking channels on the I/V relationship of the first 
basalar motoneurone. The currents evoked in the neurone in (a) to (d) were 
measured after 50 ms. There is no effect on the region negative to -60 mV, but at 
more positive potentials the current becomes inward, reaching a peak at -20 mV. 
The current reversed at 0 mV in this example.
Figure 5.7f. The effect of 100 pM verapamil in the presence of Ba^+, TEA'*' and 
Cs+ on the I/V relationship of the neurone in (a) to (d). The graph was constructed 
from the amplitude of the currents evoked in the neurone after 50 ms. There is an 
outward shift in the I/V curve, which is greatest in the 'U' shaped region of the 
relationship.
The effect of verapamil is reversible: when the preparation is washed with 
saline containing Ba^+ and TEA'*' the current evoked at potentials between 
-100 mV and -60 mV returns to the control values, and the inward current 
produced at more positive potentials increases in size.
Note the different current scales in (e) and (f).
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neurone (n=3). Figure 5.7c shows the effect of lOOpM verapamil on the currents 
evoked in the motoneurone. A steady state was reached within 10 min of 
verapamil application. The amplitude of the inward currents was decreased, and 
that of the outward currents was increased. In addition, the inactivation of the 
inward current at -20 mV was blocked. After washing the preparation with 
Ba^+/TEA+ saline the amplitudes o f the inward currents evoked at -20 and 0 mV 
were greater than those obtained prior to the addition of verapamil (Figure 5.7d).
The effect of verapamil on the IfV  relationship obtained in the presence of 
Ba^+, TEA'^ and Cs'^ is illustrated in Figure 5.7f. The whole W  curve was shifted 
in an outward direction. This effect was most marked, however, in the 'U' shaped 
region of the relationship, which appears, therefore, to correspond to an inward 
Ba^^ current through Ca '^*' channels. Upon washing with Ba^+ZTEA'*' saline, the 
amplitude of the inward current evoked positive to -50 mV increased to exceed 
that of the control currents (Figure 5.7f). The current evoked at potentials more 
negative than -50 mV returned towards the control value.
10"4 M McN-A-343 was added in the presence of Ba2+, TEA+ and Cs"*" to 
investigate the effect of activation of the 'mixed' cholinergic receptors on the Ca^+ 
channels of the neurone (n=4). In these experiments, the concentration of CsCl in 
the microelectrode was 1 M. Figure 5.8a shows the effect of McN-A-343 on the 
I/V relationship, while Figure 5.8b shows the McN-A-343-induced current 
obtained by subtraction of the traces in Figure 5.8a. In all four preparations, McN- 
A-343 evoked only very small currents, less than 5 nA in amplitude and which 
were variable in direction. The larger current evoked by McN-A-343 in normal 
saline (Figure 5.6, different preparation), which showed time- and voltage- 
dependency, was not observed in the presence of TEA'*' and Cs'*'. Thus it 
appears that the small changes in current amplitude were unrelated to the presence 
of agonist, and that McN-A-343 does not modulate the Ca2+ current of the 
motoneurone.
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Figure 5.8a. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an I/V relationship of the first basalar motoneurone in the 
presence of extracellular Ba2+ (4 mM; Ca^+ free saline), TEA'*' (40 mM) and 
intracellular Cs'*', before and after (5 min, 15 min) the addition o f 10'^ M McN-A- 
343. The current evoked by McN-A-343 was very small, varied in direction and 
showed no time- or voltage-dependence as recorded from neurones in normal 
saline.
Figure 5.8b. The McN-A-343-induced current after blocking K'*’ channels with 
Ba2+, TEA'*' and CsCl, obtained firom the preparation in (a).
The holding potential was -80 mV.
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S.2.4.2. Modulation of a K '*~ current
The previous experiment demonstrated that the apparent inward current 
evoked by McN-A-343 is not due to modulation of the influx of Ca^+ through the 
surface membrane channels. The experiments described here were carried out to 
confirm these observations by blocking the Ca^ "^  channels using either Cd^ """ ions 
or verapamil.
5.2.4.2.1.Cd2+ions
To examine the effect of Cd+ ions on the currents evoked in the 
motoneurone, a concentration of 200 (n=2) or 500 p,M (n=2) was used. The time 
course of the effect of Cd^+ was followed by measuring the amplitude of the 
current produced by jumping the membrane potential from -80 mV to 0 mV at a 
frequency of 1 Hz. Cd^+ affected the currents evoked in the motoneurone within 
1 min of application, and a steady state was reached after 15 to 20 min. The effect 
of Cd^+ on the cunents evoked in the motoneurone was investigated by stepping 
the membrane from -80 mV to command potentials between -100 and 0 mV. 
Figure 5.9 shows the effect of Cd^+ (200 or 500 pM) on the currents evoked in 
the neurone. At a concentration of either 200 or 500 pM, Cd+ ions decreased the 
amplitude of both the sustained outward current (Figure 5.9a & b) and the 
transient current evoked at -20 (n=l) and 0 mV (n=2) in the control (Figure 5.9a), 
and induced an inward shift in the holding current. The extent to which the 
outward current was decreased was not concentration-dependent at the two 
concentrations tested: in Figure 5.9a, 200 pM Cd '^*' has had a larger effect on the 
amplitude of the outward current than 500 pM Cd^+ (Figure 5.9b). However, in 
the other two preparations, 500 pM Cd^+ decreased the outward current by a 
greater amount than 200 pM Cd^+.
The effect of Cd+ on the I/V relationship is displayed in Figure 5.9c. In 
this example 500 pM Cd"^  was added, but the lower concentration of Cd"^  had a 
similar effect. The outward current was reduced at all potentials (n=4). At
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Figure 5.9a, b. The effect of 200 (a) or 500 pM (b) Cd2+ on the outward current 
evoked by stepping the membrane from a holding potential of -80 mV to 0 mV in 
two different preparations. Both concentrations o f Cd^+ decreased the amplitude 
of the sustained outward current and induced an inward shift in the holding 
current. In preparations in which a transient current was evoked at -20 (n=l) and 
0 mV (n=2) in normal saline, it was blocked after exposure to Cd2+ (Figure 5.9a). 
The transient current was blocked by both 200 and 500 pM (b) Cd2+.
Scale: vertical 100 nA 
horizontal 25 ms
Figure 5.9c. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an I/V relationship of the first basalar motoneurone in the 
absence and presence of 500 mM Cd^+. A relatively small inward current was 
evoked at potentials more negative than -40 mV; at potentials positive to -40 mV 
this current increased in amplitude.
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potentials negative to -40 mV, the current was decreased by less than 10 nA at a 
command potential of -100 mV. Cd^^ had a greater effect on the outward current 
at potentials more positive than -40 mV; over this potential range the effect of 
Cd "^  ^ was voltage dependent and increased as the command potential became 
more positive. The proportion of Cd^+-sensitive current was variable, and ranged 
between 6 and 42 % of the total outward current, which represents a decrease in 
the current measured at 0 mV of 40 nA (200 pM, n=l; 500 pM, n=l), 150 nA 
(200 pM, n=l) or 230 nA (500 pM, n=l; Figure 5.9c).
From the experiment in which McN-A-343 was applied to a motoneurone 
in the presence of the K+ channel blockers Ba^^, TEA+ and Cs"*" (Section 
5.2.4.1.), it would appear that the agonist does not act directly on the Ca^'^ current 
of the cell. To confirm this, the effect of McN-A-343 in the presence of Cd^+ was 
investigated (n==4). Preliminary data showed that the effect of McN-A-343 in the 
presence of 500 pM Cd^+ was variable (n=2), which probably reflected sub- 
maximal block of Ca^+ channels. For this reason the concentration was increased 
to 1 mM; this concentration was found to block cockroach neuronal Ca^’*' 
channels (Nightingale & Pitman, 1989). The results of this experiment are 
displayed in Figure 5.10. The effect of 15 min exposure to McN-A-343 on the 
outward currents evoked at -40, -20 and 0 mV is shown in Figme 5.10a. McN-A- 
343 induced an outward (n=2; Figure 5.10ai) or an inward (n=2; Figure 5.10aii) 
shift in the holding current. In all preparations, the outward current evoked at -20 
and 0 mV became inactivating. The amplitude of the outward currents evoked at 
-40 and -20 mV, measured at the end of the current pulse, increased after drug 
treatment (n=4); at 0 mV the outward currents either decreased (n=2; Figure 
5.10ai) or increased (n=2; Figure 5.10aii). The amplitude of the tail currents 
evoked at the end of the command pulse were increased in the presence of McN- 
A-343. The amplitude was dependent on the size of the outward current, and 
increased as the command potential was made less negative.
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Figure 5.10a. The effect of 10"  ^M McN-A-343 in the presence of 1 mM Cd2+ on 
the current evoked by stepping the membrane from a holding potential of -80 mV 
to-40, -20 and 0 mV.
Figure S.lOai. In two preparations, 15 min exposure to McN-A-343 increased the 
amplitude of the sustained outward current evoked at -40 and -20 mV and 
decreased it at OmV; the outward current at -20 and OmV also became 
inactivating. In the presence of McN-A-343 a tail current was produced which 
increased as the command potential became more positive. In this preparation 
there was an outward shift in the holding current.
Figure S.lOaii. In the remaining two preparations, McN-A-343 increased the 
amplitude o f the sustained outward current at all potentials, and the outward 
current evoked at -20 and 0 mV became inactivating. In the presence of McN-A- 
343 a tail current was produced which increased as the command potential became 
more positive. In this preparation there was an inward shift in the holding current.
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Figure 5.10b:. The currents evoked in the motoneurone were measured after 
50 ms and used to construct an I/V relationship of the first basalar motoneurone in 
the presence of 1 mM Cd^+ before and after (5, 15 min) the addition of 10"  ^M 
McN-A-343. The addition of the agonist greatly reduced the rectification and the 
relationship became almost linear.
Figure S.lOci. The McN-A-343-induced current in the presence of 1 mM Cd2+, 
obtained from the preparation in (bi). In this neurone, the amplitude of the current 
increased from -100 mV to a maximum at -30 mV, then decreased. There was 
little change in the amplitude of the current evoked at command potentials 
between -100 and -30 mV during exposure to McN-A-343. At potentials more 
positive than -30 mV, the current decreased and reversed at 0 mV. Over this 
potential range, the current decreased with continued exposure to agonist.
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Figure S.lObii. The currents evoked in the motoneurone were measured after 
50 ms and used to construct an I/V relationship of the first basalar motoneurone in 
the presence of 1 mM Cd^^ before and after (5, 15 min) the addition of 10"  ^M 
McN-A-343. The addition of the agonist greatly reduced the rectification and the 
relationship became almost linear.
Figure S.lOcii. The McN-A-343-induced current in the presence of 1 mM Cd^+, 
obtained from the preparation in (bii). In this preparation, the amplitude of the 
current increased from -100 mV to a maximum at -20 mV, then decreased. The 
agonist had a smaller effect after 1 min than the example shown in Figure 5.1 Obi 
& ci. After 5 min, there was little change in the amplitude of the current evoked at 
command potentials between -100 and -20 mV. At potentials more positive than 
-20 mV, the current decreased but did not become inward. Over this potential 
range, the current decreased with continued exposure to agonist.
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Figure 5.1 Obi shows the effect of McN-A-343 in the presence of 1 mM 
Cd2+ ions on the I/V relationship of a neurone in which the outward current 
evoked at OmV decreased and reversed after 15 min exposure to McN-A-343 
(n=2). The effect of McN-A-343 on the I/V relationship of a neurone in which the 
current did not reverse is shown in Figure 5.10bii (n=2). Prior to the addition of 
McN-A-343, the I/V relationship was similar to that produced in the presence of 
500 pM Cd+ ions (n=4; Figure 5.8c, different preparation). When lO'^ M McN-A- 
343 was applied to the motoneurone, however, rectification was greatly reduced 
and the relationship became almost linear. The minimum current was evoked 
between -70 and -80 mV. Over the potential range -100 to -40 mV, the 
conductance of the membrane is greater than that in the control, as shown by the 
increase in the gradient of the graph. At potentials more positive than -40 mV, 
however, the membrane conductance is less than the control. The voltage- 
dependence of the current evoked by McN-A-343 can be seen more clearly in 
Figures 5.10ci & ii. The current produced by McN-A-343 in the example shown 
in Figure S.lOcii is similar to that evoked in the example in Figure S.lOci, except 
that the maximum current was evoked at -20 mV rather than -30 mV. The current 
component produced at potentials between -100 and -20 or -30 mV was inwardly 
directed at potentials negative to between -70 and -80 mV, and outward at more 
positive potentials. There was little change in the amplitude of this current over 
15 min exposure to agonist. The maximum inward current attained at -100 mV 
was 33 8 ± 2-7 nA (n=4); the peak outward current at -20 or -30 mV was 84-0 ± 
6-5 nA (n=4). At potentials more positive than -20 or -30 mV the outward current 
decreased. The current component evoked over this potential range in the 
presence of Cd"^  showed a time-dependency similar to that observed in normal 
saline, decreasing in amplitude during exposure to McN-A-343. The effect of 
McN-A-343 in the presence of Cd'*' was iiTeversible one hour after washing the 
preparation: the input resistance was very low and the neurone was no longer 
viable.
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Although the McN-A-343-induced current differs in some respects from 
that evoked in normal saline (Figure 5.6, different preparation), it is not abolished 
by blocking Ca2+ channels with Cd^+, therefore it is unlikely that McN-A-343 
acts on Ca2+ channels.
5.2.4.2.2. Verapamil
Verapamil was applied to the motoneurone at a concentration of 50 pM 
and the development of its effect was followed by monitoring the amplitude of the 
current evoked by stepping the membrane from the holding potential to 0 mV at a 
frequency of 1 Hz. The currents reached a steady state after 10 to 15 min, after 
which no further change in current amplitude was obseiwed.
Once the membrane currents had stabilised, the effect of verapamil on the 
currents evoked in the motoneurone was investigated by stepping the membrane 
from -80 mV to command potentials between -100 and 0 mV. Figure 5.11a & b 
shows the outward currents evoked in two neurones before and after the addition 
of 50 pM verapamil (n=5). In all preparations, verapamil reduced the amplitude of 
the outward current, and caused the sustained cuiTent to become inactivating. 
Figure 5.11b shows that verapamil has much less effect on the transient outward 
current evoked at -20 (n=l) and 0 mV (n=2) than Cd^+ (Figure 5.9a).
The effect of 50 pM verapamil on the I/V relationship is illustrated in 
Figure 5.11c. In all preparations (n=5) the net outward current was reduced over 
the range of potentials tested. The current evoked at potentials negative to -40 mV 
was decreased by only 1 or 2 nA. At potentials more positive than -40 mV the 
effect on the outward cuiTent was greater, and increased as the command potential 
was made more positive. The verapamil-sensitive current varied between 
preparations: the net outward current, measured at 0 mV, was decreased by 
between 65 and 170 nA, which can be represented by a reduction of the outward 
current of between 15 and 25 %.
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Figure 5.11a, b. The effect of 50 pM verapamil on the outward currents evoked 
by stepping the membrane firom a holding potential of -80 mV to -40 (in (b) only), 
-20 and OmV in two different preparations. In the presence o f verapamil the 
amplitude of the outward current decreased and the sustained outward current 
became inactivating. Verapamil does not have the same effect on the transient 
outward current as Cd^+ ((b)).
Scale: vertical 100 nA 
horizontal 25 ms
Figure 5.11c. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an l/Y  relationship of the first basalar motoneurone in the 
absence and presence of 50 pM verapamil. At potentials negative to -40 mV a 
small inward current of only 1 or 2 nA was induced; this current increased in 
magnitude at potentials more positive than -40 mV.
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After treating the neurone with 50 pM verapamil, 10"  ^M McN-A-343 was 
applied (n=4) and the results are displayed in Figure 5.12. In the presence of 
verapamil, McN-A-343 decreased the amplitude of the outward current and 
induced an inward shift in the holding current, as shown in Figure 5.12a.
The effect of McN-A-343 on the l/V  relationship of the neurone in the 
presence of verapamil is shown in Figure 5.12b, and the McN-A-343-induced 
current is shovm in Figure 5.12c. An inward current was evoked at all potentials, 
which increased during 15 min exposure to McN-A-343. The minimum current 
was evoked at -60 (n=l) or -70 mV (n=3). The current component at potentials 
negative to -40 mV was relatively small, reaching a maximum of 4-7 ± 0-3 nA 
(n=4) after 15 min. At more positive potentials the current component was larger, 
and after 15 min was 30 0 ± 4 1  nA (n=4) at 0 mV.
The production of a current by McN-A-343 after block of Ca^^ channels 
with either Cd^+ or verapamil implies that the agonist does not act upon Ca2+ 
channels. When this is combined with the observation that McN-A-343 has no 
effect on the currents evoked in the motoneurone in the presence of the 
channel blockers Ba '^*', TEA"  ^ and Cs"^ , it can be concluded that the apparent 
inward current evoked by activation of the 'mixed' receptors is due to the closure 
of channels.
5.2.5. EFFECT OF McN-A-343 ON INTRACFXT JIT.AR Ca2+ RELEASE
The experiments described above in Section 5.2.4. excluded the 
modulation by McN-A-343 of a Ca^ "^  influx through the surface membrane, but 
there remains the possibility that McN-A-343 stimulates the release of Ca^+ from 
intracellular stores. To investigate whether McN-A-343 may cause the release of 
Ca '^*' from the intracellular stores of the first basalar motoneurone, cytosolic Ca^+ 
was chelated with BAPTA, which should buffer any change in intracellular Ca^+ 
concentration caused by release of Ca2+ from intracellular stores. Ca^+ is an 
intracellular messenger associated with several neurotransmitter receptors.
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Figure 5.12a. In the presence of 50 pM verapamil, 15 min exposure to 10‘^ M  
McN-A-343 decreased the outward currents evoked by stepping the membrane 
from a holding potential of -80 mV to -40, -20 and 0 mV and induced an inward 
shift in the holding current.
Scale: vertical 100 nA 
horizontal 25 ms
Figure 5.12b. The currents evoked in the motoneurone in (a) were measured after 
50 ms and used to construct an l/V relationship of the first basalar motoneurone in 
the presence of 50 pM verapamil before and after (5, 15 min) the addition of 
10-4M M cN-A-343.
Figure 5.12c. The McN-A-343-induced current in the presence of 50 pM 
verapamil, obtained from the preparation in (b). An inward current was evoked 
over the potential range -100 mV to 0 mV. It was relatively small at potentials 
negative to -50 mV, and increased in size at more positive potentials.
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Therefore it is possible that the agonist-evoked reduction of the outward current at 
potentials more positive than -40 mV may be caused by the release of Ca2+ from 
intracellular stores, leading to the activation of calmodulin and the subsequent 
modulation of protein kinases (see Section 1.2.4.). Additionally, the outward 
current evoked by McN-A-343 in the presence of 1 mM Cd2+ may be a Ca^^- 
dependent K"*" current, stimulated by an increase in intracellular Ca '^*' (see Section 
1.3.1.4.). The voltage-dependence of the McN-A-343-induced current would be 
due to the voltage-dependence of the Ca^+-dependent K"^  current. The 
experiments were carried out both in the absence and presence o f 1 mM Cd^+i in 
the absence, to determine whether the reduction of the outward current evoked 
at potentials positive to -40 mV in normal saline may be mediated by Ca^+, and in 
the presence, to investigate whether the outward current evoked by McN-A-343 at 
potentials negative to approximately -30 mV in the presence of Cd^"  ^ may be a 
Ca^+-dependent current.
The effect of injecting the cell with BAPTA is shown in Figure 5.13. The 
control was obtained with electrodes containing 2 M KAc, after which the current 
electrode was replaced with one in which the tip was filled with 100 mM BAPTA. 
The shaft of the electrode was filled with 2 M KAc. Hyperpolarising pulses were 
applied in current clamp mode (typically 5 to 8 nA to hyperpolarise the cell 
membrane by 30 mV; 500 ms, 1 Hz) to inject BAPTA anions (n=10). To 
determine whether BAPTA had been injected into the cell, the effect of the 
chelator on the action potentials evoked in the neurone was studied: decreasing 
the concentration of intracellular free Ca^+ by injecting a Ca^+ chelator results in 
the production of action potentials in insect neurones (Pitman, 1979), due to the 
increased driving force on Ca^+ across the membrane and the suppression of 
iK(Ca)- Injecting BAPTA into the cell increased the amplitude of the action 
potential and evoked an after-hyperpolarisation after 10 min (n=10; Figure 5.13a).
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Figure 5.13a. The effect of intracellular injection of BAPTA on the action 
potential (ai) evoked in the first basalar motoneurone by current injection (aii). 
Ten minutes after commencing the injection, the amplitude of the action potential 
was increased and an afterhyperpolarisation was produced.
Scale: vertical 20 mV 
40 nA 
horizontal 10 ms
Figure 5.13b. The effect of intracellular injection of BAPTA on the currents 
evoked by stepping the membrane from a holding potential of -80 mV to -40, -20 
and 0 mV (different preparation to (a)). BAPTA decreased the amplitude of the 
outward current evoked at -40 (n=3), -20 (n=3) and 0 mV (n=6). In this example 
BAPTA induced an inward shift in the holding current.
Figure 5.13c. The effect of intracellular injection of BAPTA on the currents 
evoked by stepping the membrane from a holding potential of -80 mV to -20 and 
0 mV (different preparation to (a) & (b)). BAPTA increased the amplitude of the 
outward current evoked at -20 (n=7) and 0 mV (n=4). In this example BAPTA 
induced an inward shift in the holding current.
Scale: vertical 100 nA 
horizontal 25 ms
ai control
-60 mV
BAPTA
an
L
b -40 mV -20 mV 0 mV
I ^ ----------   contro l
control
BAPTA
control
BAPTA
-20 mV 0 mV
BAPTA
control
BAPTA
control
L _
Figure 5.13d & e. The currents evoked in the motoneurone were measured after 
50 ms and used to construct an I/V relationship of the first basalar motoneurone 
before and after injection of BAPTA.
Figure 5.13d. In the majority of neurones (n=8) BAPTA evoked an outward 
current at potentials positive to approximately -50 mV, increasing to a maximum 
in this cell at -30 mV and reversing at potentials positive to -10 mV. A small 
current, measuring a few nA, was evoked at potentials more negative to 
approximately -50 mV, which could be either inward or outward. The inset shows 
the BAPTA-induced current.
Figure 5.13e. The I/V relationship of the motoneurone before and after injection 
of BAPTA in the remaining preparations (n=2). BAPTA induced an inward 
current at potentials between -100 and OmV. The current evoked at potentials 
negative to -50 mV was relatively small compared with the current produced at 
more positive potentials. The inset shows the BAPTA-induced current.
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The effect of BAPTA injection (n=10) on the currents evoked in the 
motoneurone at potentials positive to -40 mV is displayed in Figure 5.13b & c. 
BAPTA decreased the outward currents evoked at -40 (n=3), -20 (n=3) and 0 mV 
(n=6), as shown in Figure 5.13b. In the remaining preparations, BAPTA increased 
the outward cunents evoked at -40 (n=7), -20 (n=7) and 0 mV (n=4; Figure 5.13); 
BAPTA-induced action potentials were similar in these neurones and those in 
which the outward current was decreased. BAPTA induced an inward (n=5; 
Figure 5,13b & c) or an outward (n=5) shift in the holding current.
BAPTA was found to have one of two effects on the l/Y  relationship. In 
all cells (n=10) a small current, a few nA in amplitude, was evoked at potentials 
negative to approximately -50 mV. This cun*ent was inwardly directed in five 
preparations, and outward in the remaining five, and may be a result of re­
impalement. At potentials positive to -50 mV, an outward current was produced in 
eight preparations (Figure 5.13d). The BAPTA-induced current is shown in the 
inset. The current increased to a maximum at potentials between -40 mV and 
-10 mV, before decreasing; in three preparations it reversed at -10 (n=l) or 0 mV 
(n=2). In the remaining two neurones, the current evoked by BAPTA was 
inwardly directed at potentials positive to -50 mV, as shown in Figure 5.13e. The 
inset shows the BAPTA-induced current. If the effect on the I/V relationships was 
an artefact caused by re-impaling the cells, there would probably be a change in 
the input resistance of the neurones, which, as Figures 5.13d & e show, is clearly 
not the case.
To examine whether the McN-A-343-induced current is mediated by the 
release of intracellular Ca^+, the agonist was applied at a concentration of 10-4 ^  
to tliree preparations which had been injected with BAPTA. The chelator had 
evoked an outwardly-directed current in two of these cells (similar to Figure 
5.13d) and an inwardly-directed current in one (Figure 5.13e). After 15 min 
exposure to McN-A-343 the amplitudes of both the sustained current and transient 
current evoked at 0 mV (n=2) were reduced, as displayed in Figure 5.14a.
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Figure 5.14a. The effect of 10‘4 M McN-A-343 on the current evoked by stepping 
the membrane potential from a holding potential of -80 mV to -20 and 0 mV in a 
BAPTA-loaded cell. The amplitudes of both the sustained outward current and the 
transient current evoked at 0 mV (n=2) were reduced by McN-A-343.
Scale: vertical 100 nA 
horizontal 25 ms
Figure 5.14b. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an IfV  relationship of a BAPTA-loaded neurone in the 
absence and presence (5, 15 min) of 10-4 ^  McN-A-343 (different preparation to 
(a)).
Figure 5.14c. The McN-A-343-induced current in a neurone injected with 
BAPTA, obtained from the preparation in (b). An inward current was evoked at all 
potentials, small in amplitude negative to -50 mV, and larger at more positive 
potentials.
a -20 mV 0 mV
control
M cN -A -343
control
M cN -A -343
l _
600
500
400
<
w  300
H%W 200
pi!
u  100
0 -
-1 0 0
con tro l 
5 min 
15 min
— 120 —100 —80 —60 “ 40 —20 0
MEMBRANE POTENTIAL (mV)
20
0 -I
■20 -
<a
ë
u
- 4 0
—60
-8 0
1 min
5 min
10 min
15 min
— 120 —100 —80 —60 —40 —20
M EM BRANE POTENTIAL (mV)
20
The effect of McN-A-343 on the I/V relationship of a neurone injected 
with BAPTA is shown in Figure 5.14b, and the agonist-induced current is 
displayed in Figure 5.14c. Intracellular injection of BAPTA had little effect on the 
McN-A-343-induced current: an inward current was produced at all potentials, 
with a similar time- and voltage-dependency to the McN-A-343-induced current 
in an untreated neurone (Figure 5.6, different preparation). The current component 
evoked at potentials between -100 and -50 mV was voltage-independent. At more 
positive potentials the amplitude of the current increased as the command 
potential became more positive. The evoked current was time dependent and 
increased over the 15 min period of exposure to agonist. At potentials between 
-100 mV and -50 mV this current was only small, with an amplitude at -100 mV 
after 15 min of approximately 5 nA. At potentials more positive than -50 mV the 
magnitude of the current increased; after 15 min the outward current at 0 mV was 
70 nA in two preparations, and 30 irA in the third.
These experiments suggest that the current induced by McN-A-343 at 
potentials positive to -40 mV is Ca^ *^  independent. The current evoked at more 
negative potentials in normal saline is too small to determine whether BAPTA has 
had an effect. There remains the possibility that the large, outward current induced 
by McN-A-343 in the presence of 1 mM Cd^+ ions (Figure 5.10) is mediated by a 
rise in free Ca2+, which stimulates the production of a Ca^^-dependent K+ 
current. To test this hypothesis, McN-A-343 was applied to BAPTA-loaded 
neurones (n=3) in the presence of 1 mM Cd^^ ions (Figure 5.15). The agonist 
decreased the amplitude of the outward currents and induced an inward shift in 
the holding current, shown in Figure 5.15a.
The effect of McN-A-343 on the I/V relationship of a BAPTA-loaded 
neurone in the presence of 1 mM Cd^+ is displayed in Figure 5.15b, and the McN- 
A-343-induced current is shown in Figure 5.15c. Prior to the addition of Cd2+ and 
McN-A-343, the chelator had evoked an outwardly-directed current in all three 
preparations (similar to Figure 5.13d). The current produced by McN-A-343
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Figure 5.15a. The effect of 10~^  M McN-A-343 on the current evoked by stepping 
the membrane potential from a holding potential of -80 mV to -20 and 0 mV in a 
BAPTA-loaded cell in the presence of 1 mM Cd^+. The amplitudes of the outward 
currents were decreased and an inward shift in the holding current was produced.
Scale: vertical 100 nA 
horizontal 25 ms
Figure 5.15b. The currents evoked in the motoneurone were measured after 50 ms 
and used to construct an I/V relationship of a BAPTA-loaded neurone in the 
presence of 1 mM Cd^+, in the absence and presence (5 min, 15 min) of 10-4 M 
McN-A-343 (different preparation to (a)).
Figure 5.15c. The McN-A-343-induced current in a cell filled with BAPTA in the 
presence of Cd2+, obtained from the preparation in (b). A small inward current 
was produced at potentials negative to -40 mV, increasing in amplitude during 
exposure to McN-A-343. At more positive potentials, a larger inward current was 
evoked, which also increased over the 15 min exposure period.
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(Figure 5.15c) was similar to that produced under normal conditions (in the 
absence of BAPTA and Cd^+) (Figure 5.6, different preparation). A relatively 
small current was evoked at potentials more negative than -40 mV, with a 
minimum current evoked at -50 mV, and increased during exposure to agonist. 
This current component was relatively voltage-independent. After 15 min the 
current was approximately 10 nA at -100 mV. A small (less than 5 nA) outward 
current was evoked at -40 mV in two preparations, which reached a maximum 
after 10 min then decreased. This is shown in Figure 5.15c. At potentials more 
positive than -40 mV an inward current was produced, which increased in the 
presence of McN-A-343. At 0 mV the amplitude of the current was 78 3 ± 5 9 nA 
(n=3) after 15 min.
This experiment indicates that the McN-A-343-induced current at 
potentials positive to -40 mV is Ca2+ independent. However, it appears that McN- 
A-343 stimulates the release of Ca^+ from intracellular stores, resulting in the 
production of a large outward current in the presence of 1 mM Cd^+. This current 
can be blocked by the Ca^+ chelator BAPTA.
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5.3 DISCUSSION
5.3.1 ■ MEMBRANE CURRENTS
The currents evoked in the motoneurone when the membrane was stepped 
from -80 mV to potentials between -100 and 0 mV were similar to those produced’ 
when the holding potential was -50 mV. Inward currents were produced at 
potentials negative to -80 mV and outward currents at more positive potentials. 
The currents evoked between -100 and -50 mV were square shaped. At potentials 
more positive than -50 mV, the currents either exhibited an outward relaxation 
into a non-inactivating outward current or a transient current preceding the 
sustained current.
Increasing the holding potential from -50 to -80 mV increased the 
amplitudes of both the sustained outward current and the transient outward 
cuiTent. This is probably due to a proportion of ion channels being inactivated at 
-50 mV, which is removed by increasing the holding potential to -80 mV. The 
inactivated channels are unable to conduct current, therefore a smaller current will 
be produced when the cell is jumped from -50 rather than -80 mV. The generation 
of a transient current does not appear to be due simply to the increase in the 
amplitude of the outward current. This is most clearly seen in Figure 5.3c & d, 
comparing the cunent evoked from a jump from -50 mV to 0 mV, and that 
produced by a step from -80 mV to -20 mV. The sustained current of the latter is 
smaller in amplitude, but the transient current is larger. This supports the theory 
that at the more positive holding potential there is a degree of chaimel inactivation 
which is removed by increasing the holding potential to -80 mV. The A-current, a 
transient outward K+ cuiTent first described in molluscan neurones by Connor & 
Stevens in 1971 (Connor & Stevens, 1971b), is activated by depolarising steps 
from holding potentials negative to the normal resting potential; if the cell is held 
at a more positive holding potential, the current is inactivated. Increasing the 
amplitude of a hyperpolarising prepulse increases the amplitudes of the transient
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currents recorded from the basalar/coxal depressor motoneurone of the cockioach 
(Nightingale & Pitman, 1989) and the marine ciliate Euplotes vannus (Krüppel et 
al, 1991). In the cockroach, increased activation was observed when 
hyperpolarising pre-pulses up to about -140 mV were applied; the same effect was 
recorded in Euplotes with hyperpolarising pulses up to -25 mV (more negative 
pulses were not applied because the activation threshold for this current is 
approximately -10 mV) (Krüppel et al, 1991). Similarly, the amplitude of the 
transient outward current evoked in bullfrog sympathetic neurones (MacDermott 
& Weight, 1982) was increased as the holding potential was increased to 
-100 mV.
The outward transient currents recorded from calf cardiac Purkinje fibres 
(Siegelbaum & Tsien, 1980), bullfrog sympathetic neurones (MacDermott & 
Weight, 1982), the marine ciliate Euplotes (Kiüppel et al, 1991) and motoneurone 
Df of the cockroach (David & Pitman, in preparation) appear to be mediated by an 
increase in intracellular Ca^+ because they can be reduced or blocked by 
intracellular injection of the Ca^^ chelators EOT A (Siegelbaum & Tsien, 1980; 
David & Pitman, in preparation) or BAPTA (Krüppel et al, 1991), the removal of 
Ca^+ from the extracellular solution (Siegelbaum & Tsien, 1980; MacDermott & 
Weight, 1982; David & Pitman, in preparation) or the addition of Ca^+ channel 
blockers such as D600 or Cd^+ ions (Siegelbaum & Tsien, 1980; MacDermott & 
Weight, 1982; Krüppel et al, 1991). Interestingly, EOT A had no effect on the 
transient current evoked in Euplotes (Krüppel et al, 1991). The transient outward 
cunent recorded from the first basalar motoneurone was blocked by external 
application of Cd "^  ^ ions or intracellular injection of BAPTA, suggesting that it 
too is a Ca^+-dependent K"^  current, which is activated by the influx of Ca^+ ions. 
In the presence of verapamil, the outward currents peak and then decline 
progressively during command pulses. However, this may not be a true transient 
current, but may represent a transformation in the properties of the sustained 
current caused by the application of verapamil. Although Cd^ '*" ions and verapamil
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both decreased the amplitude of the sustained outward current, verapamil caused it 
to inactivate. Verapamil has been observed to increase the rate of inactivation of 
K+ currents independently of an action on Ca2 + channels in human tracheal cells 
(Galietta et al, 1991), lung tumour cells (Pancrazio et al, 1991), kidney cells 
expressing heart K+ channels (Rampe et al, 1993) and guinea-pig villus 
enterocytes (Tatsuta et al, 1994). It has been postulated that the inactivation of the 
outward current could be due to verapamil either blocking the open ion channel 
(Galietta et al, 1991; Pancrazio et al, 1991; Rampe et al, 1993), or affecting gating 
kinetics (Galietta et al, 1991; Tatsuta et al, 1994). To determine whether the 
inactivation of the outward current by verapamil observed in the first basalar 
motoneurone is a direct action on channels rather than by the drug's effect on 
Ca2+ channels, the preparation could be bathed in Ca^+-free saline and the effect 
of verapamil on the K+ current examined. The observation that verapamil 
decreases the amplitude of the Ba^+ current through Ca^'^ channels without 
increasing the rate of inactivation of the Ba^+ cuiTent (Figure 5.7c) supports the 
theory that verapamil inactivates the K+ current directly. Verapamil has, however, 
been found to increase the inactivation of Ca^+ channels in Helix neurones 
(Oyama et al, 1986).
The decrease in the amplitude of the sustained outward current by Cd2+ 
ions and verapamil implies that a proportion of this current is also Ca^+- 
dependent. Ca^'*'-dependent currents are a ubiquitous feature of cells (Rudy, 
1988). The Ca^+-dependent component of the outwaid current in the first basalar 
motoneurone appears to be voltage-dependent because Cd^+ and verapamil have 
the greatest effect on the I/V relationship of the cell at potentials positive to 
-40 mV. The extent to which the outward current was blocked varied between 
preparations, but was not a reflection of the concentration of Cd'*' ions applied 
(200 or 500 pM). This observation is probably due to a difference in either the 
density of Ca^'^ channels, or the proportion of the outward current that is activated 
by Ca2 +.
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Injecting a neurone with the Ca^^ chelator BAPTA decreases the outward 
current in some neurones, presumably because the Ca2+-dependent K'  ^ current is 
suppressed (Connor, 1979; Lancaster & Nicoll, 1987). However, this was 
observed in only a minority of preparations in the experiments presented here. In 
the remainder, the amplitude of the outward current was increased, reaching a 
maximum at potentials between -40 and -10 mV before decreasing. The most 
likely explanation is that lowering the intracellular free Ca2 + concentration 
removes some of the Ca^^-dependent Ca^+ channel inactivation (see Section 
1.3.2.), resulting in an enhancement of the Ca^+ current, and therefore of the 
Ca2+-dependent K+ current. This hypothesis is supported by the observation that 
the voltage dependency of the outward current reflects that of the Ca^+ current 
(Figure 5.7e, f), which was maximal at -20 mV. However, BAPTA was present in 
the cell, because the shape o f the action potential was affected and the McN-A- 
343-induced Ca^+-dependent current in the presence of Cd^"  ^was blocked.
An inward Ca^+ current is revealed in the motoneurone when the outward 
currents are suppressed (Figure 5.7). This is achieved by the addition of 
40 mM TEA+ to saline containing 4 mM Ba^+ (Ca^'^-ffee saline), and using 2 M 
CsCl as an electrolyte. The current is confirmed as the entry of Ba^"  ^ ions through 
Ca^+ channels because it can be reversibly reduced by verapamil. After washing 
verapamil from the preparation, the Ba2 + (or Ca2 +) current was increased in 
amplitude, which is probably due to an increase in the concentration of Ba^^ ions 
in the intercellular space surrounding the first basalar motoneurone, resulting in a 
greater driving force on the ions and therefore a larger current. The Ba^+ current 
was activated at potentials more positive than -50 mV, and increased in amplitude 
at increasingly positive command potentials, reaching a maximum at -20 mV. The 
reversal potential for Ca^+ is approximately + 50 mV (Hille, 1992), therefore it is 
unlikely that the decrease in the amplitude of the inward cunent at potentials 
positive to -20 mV is due to a decrease in the driving force on the Ba^+ ions;
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rather, it is probably due to incomplete block of the voltage-dependent outward 
K+ current, which is activated at potentials positive to -40 mV. At potentials 
between -40 and -20 mV, the Ba^+ current is larger than the K"*" current, and the 
net current will be inward. The current increases as the command potential 
becomes more positive than -40 mV, so that at -20 mV it is larger than the Ba^+ 
current. The net inward cunent will thus decrease in amplitude positive to -20 mV 
and eventually become outwardly directed. This theory is supported by the I/V 
relationship of the neurone shovm in Figure 5.8, which was recorded from a 
different neurone using electrodes filled with 1 M CsCl. The outward current 
evoked at potentials more positive than -20 mV under these conditions was 
consistently larger than when 2 M CsCl was used. In addition, the peak inward 
current occurred at -30 rather than -20 mV in some preparations in which 1 M 
CsCl was used, which is consistent with the theory that there was less channel 
block in the presence of 1 M CsCl. It would be interesting to increase the K+ 
channel block to attempt to characterise the Ca^ """ current at potentials more 
positive than -20 mV.
f>.3.2. MODULATION OF MEMBRANE CURRENTS BY McN-A-343
It was necessaiy to examine the effect of the increased holding potential on 
the McN -A-343-induced cuiTent in order to compare the results obtained here with 
those of the previous chapter. The holding potential appears to have little effect on 
the McN -A-343-induced current, although an initial outward current, evoked after 
1 min exposure to agonist in approximately 50 % of preparations held at -50 mV, 
was not seen in the neurones held at -80 mV.
At potentials more positive than -40 mV, McN-A-343 induces a relatively 
large inward current which is time dependent and increases during exposure to the 
agonist. This current may be caused by the stimulation of an inward current such 
as Ca^+, or the inhibition of an outward current such as K+, which may or may not 
be Ca^+ dependent. Activation of muscarinic receptors leads to the production of a
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current in SH-SY5Y human neuroblastoma cells (Murphy et al, 1991), 
guinea-pig ventricular myocytes (Gallo et al, 1993) and NlE-115 mouse 
neuroblastoma cells (Mathes & Thompson, 1994). The K+ current may be reduced 
because of an inhibition o f the Ca^^ cuiTent leading to the reduction of the Ca2+- 
dependent K+ current (Brezina, 1988, David & Pitman, 1993b, 1995), a direct 
action of muscarinic agonists on the Ca2+-dependent K"^  current (Knopfel et al, 
1990) or the inhibition of a Ca^'‘‘-independent current (Brown & Adams, 1980; 
Nagy et al, 1985; Brown & Higashida, 1988b; Le Corronc & Hue, 1993; ffrench- 
Mullen et al, 1994).
The effect of McN-A-343 on the Ca^+ current of the cell can be examined 
by applying the drug in the presence of the K+ channel blockers Ba^^, TEA+ and 
Cs‘‘‘. No current was evoked, implying that the apparent inward current evoked by 
McN-A-343 in the first basalar motoneurone is not due to the stimulation of a 
Ca2+ current. However, in the presence of either Cd^^ ions or verapamil, McN-A- 
343 induces a current in the motoneurone. Although the current evoked in the 
presence of Cd2 + ions appears to be different to that produced either in normal 
saline or after the addition of verapamil, it is presumably mediated by ions 
because the Ca^ "*" current has been blocked. The McN - A-343-induced current in 
the presence of 1 mM Cd^"  ^ ions consisted of a large outward current, reaching a 
maximum amplitude at -40 mV before decreasing. The current evoked at 
potentials more positive than -40 mV showed a similar time-dependency to that 
produced over this potential range in noimal saline. The difference is that the 
current produced under noimal conditions is an inward current, increasing in 
amplitude during exposure to agonist. The current evoked in the presence of Cd^+ 
is outwardly directed and decreases during exposure to agonist. It is proposed that 
these two cunents are the same, but the one produced in the presence of Cd^+ is 
superimposed on an outward current. This suggests that McN-A-343 activates two 
currents: a current that is inward at potentials negative to between -70 and -80 mV 
and outward at more positive potentials, and an apparent inward current at
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potentials more positive than -40 mV. These currents are presumably carried by 
K"*" ions rather than Ca^ "^  ions because the Ca^ "^  channels are blocked.
The Ca2+ dependency of these two currents was examined by loading the 
neurone with the Ca^+ chelator BAPTA. This had no apparent effect on the 
current evoked positive to -40 mV either in the absence or presence of Cd^^. 
However, in the presence of Cd^+, loading the cell with BAPTA blocked the 
outward current evoked negative to -40 mV and the McN-A-343-induced current 
resembled that evoked in normal saline. This implies that the outward current 
component is a Ca^^-dependent K"*" current, which is activated by the release of 
Ca2+ from intracellular stores. The current evoked by McN-A-343 at potentials 
more positive than -40 mV is Ca^^-insensitive. The voltage dependency of this 
current is similar to the outward current evoked in the neurone at command 
potentials positive to -40 mV and it suggests that McN-A-343 inhibits this 
voltage-dependent K+ current.
There are two possible explanations as to why the McN -A-343-induced 
current in the presence of Cd^’^  ions appears 'bell-shaped': one reason is that the 
effect on the voltage-dependent cunent evoked at potentials more positive than 
-40 mV is larger than the effect on the Ca^'^-dependent K+ current, therefore as the 
voltage-dependent current is suppressed at potentials positive to -40 mV, the net 
current moves in an inward direction. A second, although less likely, explanation 
is that the Ca^+-dependent current may be voltage-dependent and inactivate at 
approximately -40 mV, thus revealing the second current; this would represent a 
novel voltage- and Ca^^-dependent K+ current because the only such current 
reported to date (BK current; see Section 1.3.1.4.) is activated with depolarisation.
In two preparations out of four, the current evoked by McN-A-343 in the 
presence of Cd^+ reached a maximum at -30 mV before decreasing, and reversed 
direction at 0 mV (Figure 5.10ci). The currents evoked in the remaining neurones 
were largest at -20 mV and did not reverse (Figure S.lOcii). It is feasible that, 
because McN-A-3 43 modulates two currents, both the potential at which the peak
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current is attained and the magnitude of the inward current are dependent upon the 
relative size of the agonist effects upon the two currents: if McN-A-343 evoked a 
relatively small Ca2+-dependent current but a comparatively large decrease in 
the voltage-dependent K"*" current, the maximum current will be produced at a 
more negative potential. Conversely, if the Ca^^-dependent K+ current evoked by 
McN-A-343 is relatively large compared to the inhibition of the voltage- 
dependent K+ current, the maximum amplitude of the current will not occur until 
a more positive potential.
The transient outward current evoked in the first basalar motoneurone 
upon depolarising pulses to potentials more positive than -40 mV is probably a 
Ca^+-dependent K"** current because it can be blocked by Cd^+ ions (Figure 5.9). 
In the presence of Cd2+, McN-A-343 appears to stimulate the release of Ca^ "^  
from intracellular stores, which may result in the activation of the transient Ca2 +- 
dependent outward current; under these conditions, the transient cunent may be 
enhanced sufficiently to dominate the outward cunent; therefore causing an 
apparent inactivation of the outward cunents (Figure 5.10a).
Why the Ca^^-dependent cunent was so lai'ge in the presence of Cd^ '*' 
ions is unclear. Cd^+ can be transported into cells (Toescu, 1991; Hinkle et al, 
1992), and there is evidence that intracellular Cd2+ disturbs the Ca2+ homeostasis 
of the cell: it inhibits ATP-dependent Ca^+ uptake (Verbost et al, 1987; Shah & 
Pant, 1991) and Na"^/Ca2+ exchange (Smith et al, 1987) and also impairs the 
degradation of IP3 (Storey et al, 1984). These effects will result in a prolongation 
of the effects of Ca^+: in the absence of Cd "^ ,^ the Ca^+ released by McN-A-343 
would quickly be sequestered or expelled from the cell, resulting in a relatively 
brief Ca^+-dependent K+ cunent. However, in the presence of Cd^ "*" the increase 
in intracellulai' free Ca^+ concentration stimulated by McN-A-343 would be 
sustained, resulting in the continued production of a Ca^+-dependent cunent. It 
also explains why there was no recovery after the addition of McN-A-343 in the 
presence of Cd2 +: there is evidence that prolonged exposure to a high
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concentration of intracellular Ca^+ causes cell death (Schanne et al, 1979; 
Nicotera et al, 1986; Boobis et al, 1990).
The decrease in the outward cunent evoked by activation of the 'mixed' 
cholinergic receptors on the first basalar motoneurone was mimicked by 
application of the membrane permeable form, dibutyryl cAMP, or the 
phosphodiesterase inhibitor theophylline, both of which might be expected to 
increase intracellular cAMP. In addition, dibutyryl cAMP evoked an outward 
cunent during the first minute of exposure in some neurones. Theophylline did 
not evoke an outward cunent, which may be because it was too small to be 
resolved: further experiments must be performed to determine whether 
theophylline does evoke an initial outward cunent. The results presented here 
would therefore suggest that receptor activation leads to the production of cAMP, 
which modifies ion channels in the membrane, resulting in the cunents observed. 
However, it is possible that cAMP is not directly involved in the production of the 
cunents: increasing the concentration of cAMP may bring about cunents similar 
to those evoked by activation of the 'mixed' receptors, but by a different 
mechanism. This theory is supported by the results obtained for motoneurone Df 
of the cockroach: muscarinic agonists decrease the amplitude of the outward 
cunent in the neurone by suppressing the Ca^ """ influx, thereby decreasing the 
Ca2+-dependent K.+ cunent (David & Pitman, 1991, 1993b). Although the 
addition of dibutyryl cAMP to the neurone decreases the outward cunent in a 
similar manner to muscarinic agonists (David & Pitman, 1991, 1993b), it has no 
effect on the Ca^^ cunent (David & Pitman, personal communication). To 
determine whether muscarinic agonists stimulate the production of cAMP in the 
first basalai' motoneurone, an adenylate cyclase inhibitor should be injected into 
the neurone prior to the addition of McN-A-343.
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If both cAMP production and intracellular Ca^ "^  release are stimulated by 
activation of the 'mixed' cholinergic receptors, there remains the question of 
whether there is crosstalk between the two second messenger pathways. It seems 
unlikely that a rise in the concentration of intracellular free Ca "^^  stimulates the 
production of cAMP, because in a BAPTA-loaded cell the McN-A-343-induced 
current is not suppressed. If it is assumed that cAMP does mediate the inhibition 
of the K+ current, then this hypothesis could be investigated by the addition of 
cAMP to a neurone injected with BAPTA. However, from the results presented in 
this thesis, it is more likely that cAMP stimulates the release of Ca^+, which has 
also been suggested for neurones of the mollusc Euhadra (Onozuka et al, 1988) 
and sarcoplasmic reticulum from both rabbit smooth muscle (Meissner, 1984) and 
guinea-pig cardiac muscle (Boiler & Pott, 1989). An experiment which could be 
performed is the addition of cAMP to a neurone in the presence of 1 mM Cd^+ 
ions: under these conditions, if cAMP triggers Ca^+ release from intracellular 
stores, a Ca^^-dependent current, similar to that evoked by McN-A-343 in the 
presence of Cd "^  ^ions, would be evoked.
SUMMARY
Increasing the holding potential of the motoneurone from -50 to -80 mV 
results in an increase in the amplitude of both the sustained outward current 
evoked at potentials positive to -40 mV, and the transient outward current, which 
implies that at a holding potential of -50 mV there is a degree of channel 
inactivation which is removed by increasing the holding potential to -80 mV.
The outward currents evoked in the neurone appear to be largely carried by 
K+, since they can be greatly reduced by the K+ channel blockers Ba^" ,^ TEA"^ and 
Cs**". This treatment revealed the presence of an inward current, activated at 
potentials positive to -50 mV. It could be reversibly reduced by verapamil and was 
therefore concluded to be due to the entry of Ba^+ through Ca^^ channels. A 
maximum amplitude was reached at - 2 0  mV; at more positive potentials the
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current decreased. This was probably due to the development of a residual 
unblocked voltage-dependent K*** current, since the reversal value is considerably 
more negative than the predicted Ca^+ equilibrium potential.
Both the sustained outward current and the transient outward current are 
Ca^^-sensitive, because they were decreased in the presence of Cd^+ and 
verapamil. However, whereas Cd^+ simply decreased the amplitude of the 
sustained outward current, verapamil caused it to inactivate. This may be due to a 
direct effect on open K"** channels rather than a secondary effect caused by the 
suppression of the Ca^+ current by verapamil.
Chelating intracellular Ca^ *^  with BAPTA in different preparations could 
increase or decrease the outward current. The increase in the outward current may 
be due to insufficient BAPTA present in the cell: when the steady-state 
concentration of free Ca^+ is decreased, a proportion of the Ca^+-dependent Ca^+ 
channel inactivation may be removed (Eckert & Tiliotson, 1981), resulting in an 
enhancement of the Ca^+ current, and therefore of the Ca^+-dependent K+ current. 
At higher concentrations of BAPTA, the transient increase in influx of Ca^+ ions 
may be buffered and enhancement of the Ca^+-dependent current will not 
occur.
The apparent inward cuiTent evoked by McN-A-343 at potentials more 
positive than -40 mV is due to the reduction of an outward K'*' current rather than 
the activation of an inward Ca^+ cuiTcnt. This K+ current is voltage-dependent 
because McN-A-343 has the largest effect at potentials positive to -40 mV, and 
Ca^'i'-independent because it persists in a BAPTA-loaded cell. In the presence of 
Cd^+, McN-A-343 evoked a large outward current which was shown to be a Ca^+- 
dependent current, mediated by a rise in free Ca^+ due to release from 
intracellular stores. Therefore, two separate currents are differentially modulated 
by McN-A-343.
Increasing the intracellular concentration of cAMP by external application 
of dibutyryl cAMP or theophylline mimics the cun’ents evoked by muscarinic
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agonists, which suggests that activation of adenylate cyclase is involved in 
mediating the effects of receptor activation.
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6. CONCLUSIONS &  FUTURE WORK
This study has presented evidence for the existence of a population of a- 
BTX-resistant cholinergic receptors on the soma membrane of the first basalar 
motoneurone of the locust, Schistocerca gregaria. These receptors appear to have 
a predominantly muscarinic pharmacology, because the response to pressure- 
applied ACh in the presence of the toxin could be reversibly decreased by 
muscarinic antagonists. However, the receptors cannot strictly be classified as 
'muscarinic' receptors due to the observation that under voltage clamp conditions, 
nicotine (in the presence of a-BTX) evokes a current similar to those produced by 
the muscarinic agonists muscarine and McN-A-343. This effect was not due to 
incomplete block of the nicotinic receptors or to a non-specific action on a non- 
cholinergic receptor because the nicotine-induced current could be blocked by the 
muscarinic antagonist scopolamine. Therefore the 'muscarinic' receptors are more 
accurately termed 'mixed' cholinergic receptors.
Whether these receptors are present on the synaptic membrane as well as 
the soma cannot be determined from the results obtained here. This could be 
examined by applying brief pulses of McN-A-343 in the neuropil of the ganglion 
in the region of the dendritic tree of the first basalar motoneurone, which would be 
expected to preferentially activate synaptically-located receptors rather than 
somatic receptors. Therefore, if the 'mixed' receptors are indeed present on the 
postsynaptic membrane, McN-A-343 would depolarise the neurone. Application 
of muscarinic agonists in this way depolarises cockroach giant interneurones (Le 
Corronc & Hue, 1993), motoneurone PPR of Manduca (Trimmer & Weeks, 1989) 
and the locust VPLI neurone (Baines & Bacon, 1994). However, injecting a 
muscarinic agonist into the neuropil may affect the first basalar motoneurone 
indirectly: the agonist may depolarise neurones other than the first basalar 
motoneurone, causing the release of ACh (or other neurotransmitters) which could 
in turn result in depolarisation of the first basalar motoneurone. In addition, if
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there is a spontaneous release of ACh, the application of a muscarinic agonist 
could result in the hyperpolarisation of the first basalar motoneurone because of 
the decrease in neurotransmitter release caused by activation of the presynaptic 
muscarinic autoreceptors. This latter effect should be minimised by the use of the 
vertebrate subtype-selective agonist McN-A-343, because presynaptic 
muscarinic receptors in the insect CNS appear to have a pharmacology similar to 
vertebrate M2  receptors (Knipper & Breer, 1988; Le Corronc et al, 1991).
Under voltage clamp, activation of the 'mixed' receptors results in the 
production of an apparent inward current over the potential range -100 to 0 mV; 
however, at potentials more positive than -40 mV, an initial outward current was 
evoked in approximately 50 % of neurones voltage clamped at -50 mV. This 
outward current was not recorded from neurones at a holding potential of -80 mV, 
and therefore warrants further investigation. The apparent inward current evoked 
at potentials positive to -40 mV is due to the inhibition of a voltage-dependent K+ 
current rather than the production of a Ca^+ current, because it is suppressed in the 
presence of K"*" channel blockers but remains in the presence of Ca^+ channel 
blockers.
The initial outward current evoked in a proportion of neurones voltage 
clamped at -50 mV may be a Ca^+-dependent K+ current, but is unlikely to be the 
same current as recorded from neurones bathed in saline containing Cd^+ ions: the 
initial outward current is voltage-dependent and is activated only at potentials 
more positive to -40 mV, whereas the Ca2+-dependent current evoked by 
McN-A-343 in the presence of Cd^+ is activated at potentials negative to -40 mV. 
Nevertheless, the Ca^+-dependency of this cunent cannot be ruled out without 
further tests because a voltage-dependent, Ca^^-dependent current does exist 
(see Section 1.3.1.4.). To investigate this, the effects of raising the concentration 
of intracellular free Ca^+ on the outward cunents evoked in the motoneurone 
could be studied. One method to increase the concentration of intracellular free 
Ca2+ is to inject caged Ca2+ ions associated with Nitr-5 into the neurone, from
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which they can be released by exposure to ultraviolet light. A second experiment 
is to examine the effects of the addition of charybdotoxin, a scorpion toxin which 
specifically blocks insect Ca^+-dependent K+ channels (J. Mills, personal 
communication).
Alternatively, since the initial outward current has the same voltage 
dependency as the current which is inhibited by McN-A-343, it is possible that 
it is the same current. This would imply that McN-A-343 has a dual effect on the 
voltage-dependent K+ current, suppressing it in all neurones, but initially 
enhancing it in a proportion of neurones, which may involve two second 
messengers. There is evidence for dual modulation of ion channels by protein 
kinases A and C: protein kinase A activates K+ channels in rat cortical collecting 
duct cells of the kidney (Wang & Giebisch, 1991) and Ck channels in human 
airway epithelial cells (Li et al, 1988), whereas these same channels are inhibited 
by protein kinase C (Wang & Giebisch, 1991; Li et al, 1989). A third possibility is 
that the outward current is produced by an action of McN-A-343 on an as yet 
unidentified current. From the work presented here, it is not possible to determine 
which of these two hypotheses is more likely.
Vertebrate muscarinic receptors are not integral receptor-ion channel 
complexes, and must therefore couple to a G protein to effect a change in 
membrane conductance. In the majority of known examples, activated G proteins 
subsequently modulate a second messenger cascade (see Section 1.2.). In the 
experiments presented here, the possible involvement of cAMP and Ca^+ were 
investigated. Both the inhibition of the voltage-dependent K+ current and the 
initial outward current evoked at potentials positive to -40 mV were mimicked by 
the addition of dibutyryl cAMP, suggesting that the effects of muscarinic agonists 
on these currents may be mediated by cAMP; however, this is not conclusive 
proof because it is possible that increasing the concentration of cAMP may 
suppress the outward currents evoked in the motoneurone, producing similar 
effects to those resulting from activation of the 'mixed' receptors, but by a
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different mechanism. A more conclusive result would be obtained by injecting an 
adenylate cyclase inhibitor into the neurone prior to the addition of McN-A-343: if 
cAMP synthesis mediates the suppression of the K+ current by muscarinic 
agonists, then this procedure should block the effects of McN-A-343.
It would also be interesting to examine whether other second messenger 
pathways may be modulated by muscarinic agonists. In vertebrates, muscarinic 
receptor activation can result in the increased production of cyclic guanosine 
monophosphate (cGMP) (Kebabian et al, 1975; Wamsley et al, 1979; Castoldi et 
al, 1993; Sheng et al, 1993). Although there are no reports of muscarinic 
modulation of cGMP production in insects, cGMP is produced in response to 
eclosion hormone stimulation in moths (Truman et al, 1979; Morton & Truman, 
1985). cGMP activates non-specific cation channels in silk moth olfactory 
neurones (Zufall & Hatt, 1991), inhibits K+ channels in cultured olfactory 
neurones of Manduca (Zufall et al, 1991) and induces action potentials in sugar 
taste receptors of the fly. Phormia regina (Amakawa et al, 1990).
The results of the experiments perfomied in the presence of 1 mM Cd^’'* 
ions provided evidence that McN-A-3 43 stimulates the release of Ca^'^ from 
intracellular stores. An outward cun'ent was evoked, which was identified as a 
Ca2+-dependent K'  ^ current because it could be blocked by intracellular injection 
of BAPTA. This current was apparent in the presence of Cd^+ because these ions 
upset the Ca "^^  homeostasis of the cell (see Chapter 5). The subsequent effects of 
the increase in cytosolic Ca^+ concentration under normal conditions are unclear: 
Ca^ "^  ions do not appear to be involved in the inhibition of the voltage-dependent 
current because buffering cytosolic Ca^+ with BAPTA did not reduce the 
effect of McN-A-343. However, Ca^ "^  involvement in the suppression of the 
outward current cannot be mled out without further tests, such as examining the 
effects of releasing caged Ca^^ as described above.
It is possible that the inward current at command potentials more negative 
than -40 mV may be a Ca^'^'-dependent current. In a proportion of neurones.
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this current increased to a maximum after 1 0  min before decreasing in the 
continued presence of agonist; this time dependency could be due to a net 
decrease in second messenger accumulation due to sequestration or metabolism of 
the second messenger. At first, it may seem unlikely that this current may be 
mediated by K+ because the minimum current is evoked between -60 and -40 mV, 
which is more positive than the expected K+ equilibrium potential. However, the 
reversal potential of the Ca2+-dependent K+ current of motoneurone Df of the 
cockroach was calculated to be approximately -70 mV, although the reversal 
potential of tail currents evoked after depolarising pulses was more positive than 
this (Thomas, 1984). The discrepancy was postulated to be due to extracellular K+ 
accumulation in the convolutions of the cell membrane. A similar explanation was 
put forward by Nightingale & Pitman (1989) for the lack of effect of extracellular 
K'*' concentration on the tail current reversal potential. Therefore, it is possible that 
the K+ equilibrium potential of the first basalar motoneurone undergoes a positive 
shift as a consequence of the depolarising pulses applied to the neurone to 
construct an lA^ curve, which could result in the accumulation of in the 
membrane infoldings. This would explain why the inward current evoked at 
potentials negative to -40 mV reached a minimum between -60 and -40 mV. The 
current does not actually reverse at these potentials, probably because the decrease 
in the amplitude of the outward current produced by inhibition of the voltage- 
dependent K’*' current is larger than the K'*' current activated by the rise in 
intracellular free Ca^^ concentration. The possible involvement of Ca2+ in 
mediating this current can be investigated with caged Ca^^ as described above. 
Additionally, the effects of charybdotoxin on this current can be examined.
In current clamp, bath application of McN-A-343 either increased or 
decreased the input resistance. Both observations can be explained by the 
inhibition of the voltage-dependent K"*" current. In neurones in which the input 
resistance increased, the membrane potential was unaffected: the increase in input
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resistance is caused by the closure of channels, which has no effect on the 
membrane potential because the K+ equilibrium potential is close to the resting 
membrane potential, therefore the driving force on the ions is low. The decrease in 
the input resistance, accompanied by a depolarisation of the membrane, may be a 
secondary effect of inhibition of the K+ current: in some cases, the closure of K'*' 
channels may produce a small depolarisation, sufficient to reach the activation 
threshold of voltage-dependent Ca^+ and Na+ channels. These channels would 
open, resulting in a decrease in input resistance and depolarisation of the 
membrane.
The inhibition of the voltage-dependent K+ current by muscarinic agonists 
would therefore be expected to lead to an increase in the excitability of the 
motoneurone, a theory supported by the experiments investigating the effects of 
McN-A-343 on the spike threshold. However, the decrease in the spike threshold 
was small compared with the results obtained from the PPR motoneurone of 
Manduca (Trimmer & Weeks, 1993), cockroach giant interneurones (Le Corronc 
& Hue, 1993) and locust VPLI interneurones (Baines & Bacon, 1994). Clearly, 
more experiments must be performed to clarify this. If the 'mixed' receptors do 
modulate the excitability of the neurone, then muscarinic antagonists would be 
expected to increase the spike threshold. It is also important to examine whether 
the effects of nicotine are potentiated in the presence of muscarinic agonists, 
which was found to be the case in locust VPLI interneurones (Baines & Bacon, 
1994). An alternative protocol is to examine the effects of McN-A-343 on the 
tlireshold for a synaptically evoked action potential (in the absence of a-BTX), a 
technique employed by Le Corronc & Hue (1991).
The muscarinic agonist-sensitive, voltage-dependent K+ current thus 
appears to be analogous to the M-current, a muscarine-sensitive, voltage- 
dependent K+ curr ent present in many types of vertebrate excitable cells (reviewed 
by Brown, 1988; also see Section 1.3.1.5.). Muscarinic receptors mediate a slow 
epsp, caused by the inhibition of the M-current, which increases the excitability of
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the ceil. To date, there have been no reports of the M-current in invertebrate cells: 
although the muscarinic agonist-sensitive current in the first basalar motoneurone 
is similar, and probably performs the same function (modulation of the neurone's 
excitability), the kinetics o f the M-current are slower.
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“T hink about it, E d ... .th e  c la ss Insecta contains 2 6  orders, 
alm ost 1 ,000 fam ilies, and over 7 5 0 ,0 0 0  d escn b ed  sp ec ies —  
but I can't shake the feelin g  w e re all just a bunch o f  b u g s"
Cartoon by Gary Larson
From: The Prehistory of The Far Side: A 10th Anniversary Exhibit. Warner Books, 
London.
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APPENDIX I 
COMPOSITION OF LOCUST SALINE
SALINE 4M N aC l 1 M KCl 1 M CaCl2 l M B a C l 2
(ml) (ml) (ml) (ml)
normal 37.5 5 4 -
Ba^’*' saline 37.5 5 - 4
Stock solutions were made up to approximately 950 ml with deionised, 
double distilled water (Milli Q) before the pH buffer, TES (N- 
tris[Hydroxymethyl]methyl-2-aminoethanesuifonic acid) was added (2-292 g 1"1; 
10 mM). The pH was corrected to pH 7.4 with sodium hydroxide using a Kent 
EIL 3055 pH meter. The final volume was made up to 1000 ml.
(From Hancox, 1991)
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APPENDIX TT 
SOURCES OF DRUGS AND CHEMICALS
Drugs:
acetylcholine chloride 
atropine sulphate 
BAPTA 
a-bungarotoxin 
carbamylcholine chloride 
4-DAMP methiodide 
S(+)-dexetimide hydrochloride 
dibutyryl cAMP 
McN-A-343
methoctramine 4HC1 hydrate
L-(+)-muscarine
(-)-nicotine
p-F-HHSiD
pirenzepine dihydrochloride 
theophylline
(-)scopolamine hydrochloride 
(i)-verapamil hydrochloride
Sigma
Sigma
Sigma
Sigma
Sigma
RBI
RBI
Sigma
RBI
RBI
RBI
Sigma
RBI
Sigma
Sigma
Sigma
Sigma
Other chemicals:
barium chloride 
borax 
boric acid 
caesium chloride 
cadmium chloride 
calcium chloride 
ethanol
fast green FCF 
formaldehyde 
glacial acetic acid 
lithium acetate 
lithium chloride 
Lucifer Yellow CH 
methyl benzoate 
methyl salicylate 
potassium acetate 
potassium chloride 
sodium chloride 
tetraethylammonium chloride 
Toluidine Blue
AnalaR
Sigma
Griffin and Tatlock Ltd
Fisons
BDH
BDH
BDH
Gurr
BDH
BDH
Sigma
Sigma
Sigma
BDH
BDH
BDH
BDH
BDH
Sigma
Gurr
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APPENDIX VII 
COMPOSITION OF TOLUIDINE BLUE 
STAIN AND BODIAN'S FIXATIVE
Toluidine Blue
1 g Toluidine Blue 
6  g borax 
1 g boric acid 
1 0 0  ml distilled water 
pH 7.6-9.0
Bodian’s Fixative
5 ml formalin 
5 ml glacial acetic acid 
90 ml 80% ethanol
(From Altman, 1980)
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LIST OF ABBREVIATIONS
ACh acetylcholine
ADP adenosine diphosphate
AH? afterhyperpolarisation
4-AP 4-aminopyridine
ATP adenosine triphosphate
BAPTA 6 ij-(o-aminophenoxy)-ethane-N,N,N,N'-tetraacetic acid
a-BTX a-bungarotoxin
cAMP cyclic adenosine monophosphate
cGMP cyclic guanosine monophosphate
CCh carbachol
ChAT choline acetyltransferase
CNS central nervous system
DAG diacylglycerol
4-DAMP 4-diphenylacetoxy-N-methylpiperidine
DHP dihydropyridine
DNA deoxyribonucleic acid
DUM dorsal unpaired midline
EGTA ethyleneglycol-6w-(|3-aminoethyl)-N,N,N,N'-tetraacetic acid
GABA y-aminobutyric acid
GDP guanosine diphosphate
GTP guanosine triphosphate
HVA high voltage activated
IP3 inositol trisphosphate
I/V current/voltage
LHRH luteinising hormone releasing hormone
LVA low voltage activated
McN-A-343 (4-hydroxy-2-butynyl)-1 -trimethylammonium-w- 
chlorocarbanilate chloride
p-F-HHSiD p-Fluoro-hexahydrosiladifenidol
PI phosphoinositide
PIP2 phosphatidyl inositol 4,5-bisphosphate
PKA protein kinase A
PKC protein kinase C
PPR principle planta retractor
QNB quinuclidinyl benzilate
RNA ribonucleic acid
SER smooth endoplasmic reticulum
SIU stimulus isolation unit
SR sarcoplasmic reticulum
TEA+ tetraethylammonium ions
VPLI vasopressin-like immunoreactive
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